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speCIal ConsIderatIons regardIng revItalIzatIon treatment

Revitalization treatment protocols take place into a (previously) biofilm-infected envi-
ronment and attempting to exploit the potential of the known regenerative trifecta of 
stem cells, growth factors and scaffolds28. The applied clinical protocol includes biofilm 
disinfection, release of bioactive signaling molecules from the dentin substrate (growth 
factors) and evoked bleeding from the periapical area (stem cell influx and scaffold). 
To date, histological analyses of revitalized immature teeth show outcomes that do not 
meet the criteria of pulp/dentin tissue regeneration29-32. This raises concerns about the 
efficiency of the revitalization clinical steps in fulfilling the regenerative purposes of 
the treatment33-35. Below, special considerations associated with each clinical step are 
presented.

Biofilm disinfection

Root canal disinfection aims at controlling the biofilm infection. In conventional root 
canal treatment, it has been argued that reduction of the bacterial load below a certain 
threshold is sufficient to resolve the periapical inflammation36. Indeed, a recent study 
has demonstrated that when the residual bacterial load is less than 3.12 × 103 healing 
can take place37. However, considering that revitalization procedures ultimately aim at 
regenerating the dentin-pulp complex, the level of disinfection required is anticipated 
to be higher than that accepted for conventional root canal treatment38. In addition, 
in immature teeth, root canal instrumentation must be kept to a minimum in order to 
avoid further weakening of the thin root walls. That renders irrigation as the primary 
means of biofilm disinfection. 

Root canal irrigation in immature teeth is performed with sodium hypochlorite  
(NaOCl), ethylenediaminetetraacetic acid (EDTA) and chlorhexidine (CHX). NaOCl 
is the irrigant of choice due to its antibiofilm properties39,40. In order to minimize its 
cytotoxic effects to the periapical stem cell niche of immature teeth, the flow dynamics 
of NaOCl irrigation is compromised. Thus, the antibiofilm effects of NaOCl are mainly 
conferred from the rest phase of irrigation41. In addition, in order to avoid damage to 
the stem cells of the apical papilla, evidence suggests that low NaOCl concentrations 
should be employed42,43. The use of EDTA is an integral part of the irrigation protocol. 
It leads to the release of bioactive signaling molecules that influence positively the fate 
of the introduced stem cells43. Nonetheless, little is known about its antibiofilm activi-
ty. Regarding CHX, despite its deleterious effect on stem cell survival42,45, questionable 
antibiofilm efficacy46,47 and antagonistic interaction with EDTA48, it is still being used in 
revitalization procedures49. 

To recapitulate, in immature teeth undergoing revitalization procedures, biofilms are 
challenged primarily chemically, under conditions that favor the less effective process of 
irrigant diffusion. Moreover, diffusion is arguably compromised by the low NaOCl con-

bIofIlm CausatIon of apICal perIodontItIs 

Apical periodontitis is the inflammatory process mediated by cellular and humor-
al components of the immune system that are mounted as a reaction to root canal 
bacteria and/or bacterial products1-4. In infected root canals, bacteria are not floating 
freely (planktonic state), eliciting an inflammatory reaction from the periapical tissues. 
Indeed, the presence of microbial aggregations enmeshed in a polymeric extracellular 
matrix had been noted from early on in infected root canals of teeth associated with 
apical periodontitis5-11. These observational findings had indicated a biofilm causation 
of the disease12,13. Today, apical periodontitis has been included in the broad category of 
biofilm-induced oral diseases14. This mind shift on the cause of the disease has impact-
ed profoundly its treatment goals15. Also, it has shifted the in vitro research focus from 
traditional bacterial elimination to pursuit of biofilm-controlling disinfection regimes16. 

bIofIlm InfeCtIon In permanent Immature teeth: objeCtIves of treatment and 
the revItalIzatIon treatment modalIty

In young patients with permanent immature teeth exhibiting caries, congenital defor-
mities or having suffered a dental traumatic injury, pulp necrosis and root canal biofilm 
infection are imminent risks. Should this occur, then further root maturation ceases, 
which in turn has an impact on tooth survival. Affected teeth are left with considerably 
short and thin roots with open apices. These anatomical features render these teeth 
more vulnerable to detrimental root fractures, compared to teeth of higher root matu-
rity17. Therefore, the treatment goals in cases of infected immature teeth with arrested 
root development are biofilm disinfection and resumption of the root maturation 
process18. 

Ideally, root maturation occurs by the gradual apical apposition of specific mineral-
ized tissues, namely, cementum externally and dentin internally. For that purpose, a 
cascade of well-orchestrated biological events, mediated by periapical cells that have 
assumingly survived the harsh, biofilm-induced inflammatory conditions and retained 
their properties takes place. Nowadays, therapeutic procedures that take advantage of 
the post-natal stem cell dynamics of the periapical area19-21, seem to be able to meet the 
fundamental treatment goals. Resolution of apical periodontitis and resumption of root 
development are often achieved22-24, which makes these therapeutic approaches increas-
ingly popular25. These treatment modalities are called either “regenerative endodontic 
procedures-REPs”26 or “revitalization procedures”27 and are anticipated to take the place 
of the conventional root canal treatment approaches in the future.
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centrations suggested for use. Lastly, the use of other antimicrobial irrigants other than 
NaOCl is under debate. Therefore, concerns are raised about the antibiofilm efficacy of 
known endodontic irrigants employed in revitalization protocols, especially in the light 
of recent evidence indicating persistent infection as the primary reason of failure of re-
vitalization procedures50. As a consequence of the compromised disinfection procedure, 
additional considerations emerge with regard to the aftermath of the encounter between 
the stem cells and residual bacterial/biofilm components on the stem cell properties51.

Intra-radicular influx of stem cells via evoked bleeding

Since the first report of successful isolation and characterization of dental pulp stem 
cells capable of forming dentin-like mineralized structures52,53, a huge effort towards the 
identification of other dental stem cells, exploration of their properties in relation to 
other dental and non-dental stem cell populations and acknowledgment of their contri-
bution in dentin-pulp regeneration has been noted54. In the current revitalization treat-
ment protocols, evoked bleeding induced by the intentional mechanical laceration of 
the apical tissues is the crucial step responsible for the influx of mesenchymal stromal 
cells in the root canal of immature teeth55. At the same time, this step takes care for the 
introduction of blood, which, after clotting, serves as a conductive/inductive scaffold. 

Evoked bleeding is associated with certain downsides. Firstly, the procedure may dam-
age the Hertwig’s epithelial root sheath which, if still present, is of paramount impor-
tance for the resumption of root maturation56. Furthermore, a major concern is related 
to the variation of phenotype and number of mesenchymal stem cells (MSCs) that 
are introduced with this procedure. In addition, a recent study has demonstrated the 
deleterious effects of the long-standing, biofilm-induced inflammation on the survival 
capacity of the apical papilla tissue of human immature teeth. This evidence casts some 
shadows on the biological foundations of the treatment57. Collectively, the afore-men-
tioned concerns and findings could explain the unpredictability of root maturation 
observed with the current revitalization treatment protocols58,59.

Arguably, these concerns could be tackled with transplantation of autologous dental 
stem cells. However, their limited availability and harvesting-associated morbidity 
renders autologous dental stem cell transplantation difficult and ineffective. Thus, the 
idea of using autologous non-dental stem cells seems appealing. To this end, autologous 
MSCs derived from umbilical cord tissue especially justify further investigation. Firstly, 
the cells can be harvested non-invasively and in sufficient numbers. Also, stem cell 
banking has been already happening for some years now in large scale worldwide, thus 
offering the chance for autologous use. Moreover, umbilical cord MSCs have shown 
antimicrobial activity60 and capacity to differentiate into odontoblast-like cells61. Lastly, 
their angiogenic and neurogenic activity62 could be beneficial in the pursuit of regen-
erating a functional pulp tissue. Therefore, their use in revitalization procedures of 
biofilm-infected immature teeth seems fascinating.        

Exposure of bioactive signaling molecules on dentin surface (growth factors)

Neural crest-derived cells residing in the apical papilla of a developing tooth are re-
sponsible for the formation of the root dentin. During the highly regulated process of 
root formation, a plethora of growth factors mediate several cellular processes, such 
as differentiation of apical papilla cells to odontoblasts63. Mature odontoblasts secrete 
collagen proteins that form the base of the dentin matrix. In addition, they secrete 
non-collagenous proteins that orchestrate the subsequent dentin matrix mineraliza-
tion64. After the completion of root morphogenesis, the bioactive molecules that have 
mediated the events of radicular dentin formation become sequestered in the dentin 
extracellular matrix, where they preserve their bioactivity65,66. Embedded in the dentin 
substrate, these molecules remain in an inactive state until they become exposed and/ 
or are released after dentin matrix demineralization occurs (e.g., during caries process). 
Their re-activation triggers signaling cascades that regulate the cellular responses of the 
progenitor cells involved in the pulpo-dentinal reparative events67,68.

The chelator EDTA binds calcium ions and thus contributes to demineralization. Along 
with demineralization by EDTA, the associated non-collagenous proteins are also 
solubilized from the dentin matrix69,70. The current revitalization treatment protocols 
promote the use of EDTA as a last rinse to expose the sequestered dentin matrix compo-
nents prior to influx of the stem cells via evoked bleeding27,71. This intra-operative EDTA 
dentin conditioning is able to stimulate, via growth factor release, cellular responses 
from dental pulp stem cells that could facilitate root maturation72,73. The addition of the 
simple clinical step of the ultrasonic agitation of EDTA placed in the root canal further 
enhances this dentin matrix-driven bioactivity74. Despite the well-documented advan-
tages of dentin pre-conditioning with EDTA, the exposure of dentin matrix compo-
nents may be variable. This may depend on the dentin substrate of each treated tooth. 
Moreover, it is difficult to control intra-operatively the effectiveness of the procedure 
regarding the growth factor yields. Due to the lack of standardization of this procedure, 
both predictability and efficacy have not been maximized as yet. Of note, it needs to be 
stressed that as a part of the drying of the root canal before the evoked bleeding, EDTA 
is removed. This step removes also any bioactive molecules that have been solubilized in 
the EDTA solution. Thus, it is mainly the bioactivity of the immobilized growth factors 
on the dentin surface that is harnessed. 75. 

Solubilization of dentin matrix components, their purification, quantification and, 
finally, their introduction in the root canals of immature teeth treated with revitaliza-
tion treatment protocols, could solve the limitations of intra-operative EDTA dentin 
conditioning. Methods of dentin processing for releasing fossilized dentin matrix com-
ponents have been extensively reviewed76. Crude dentin matrix extracts derived from 
decalcification of human dentin samples with EDTA are known to contain solubilized 
non-collagenous proteins from the dentin matrix. Further purification of the dentin 
matrix components via extensive dialysis with demineralized water and lyophilization 
yield a ready-to-use product. This product has beneficial effects on the mineralization 
capacity in vitro of several types of mesenchymal stem cells77-80. Furthermore, this ED-
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TA-based extraction procedure has been optimized and standardized. Yields are given as 
quantification of transforming growth factor β1 (TGF-β1) in the final product81. Overall, 
the feasibility to obtain high yields of dentin matrix proteins is a new perspective in the 
revitalization treatment of immature teeth as it can regulate endogenous stem cell hom-
ing and differentiation81. An alternative could be cell transplantation of non-dental stem 
cells together with this naturally potent cocktail of inductive cues. Regulatory issues for 
its approval for use in humans do not seem imminent as yet.

aim of the thesis

Revitalization treatment of immature teeth with necrotic pulp offer a chance to resolve 
symptoms and signs associated with biofilm-induced apical periodontitis and prolong 
tooth survival (patient-centered outcome). It often promotes root maturation (clini-
cian-centered outcome) and offers theoretical possibilities for pulp tissue regeneration 
(scientist-centered outcome)75. More predictable clinician-centered outcomes and 
attainable scientist-centered outcomes are demanded. Therefore, investigating possible 
reasons associated with inferior results is important. Also, exploring ways to optimize 
technical parameters of the treatment is warranted. Therefore, the aim of this thesis is 
three-fold: 

1. to gain a deeper understanding on the response of biofilms to the various endodontic 
irrigants and to identify factors and mechanisms affecting the biofilm disinfection 
process,

2. to explore the response of apical papilla stem cells on bacterial species and biofilms 
related to post-disinfection persistent infections and identify the underlying mecha-
nism and, 

3. to probe into the effect that human dentin matrix components exert on several 
mesenchymal stem cell populations, in an attempt to optimize parameters related to 
mineralized tissue engineering.      

outline of the thesis

A general introduction to the topics and how they are clinically interwoven into the 
revitalization treatment of immature teeth is presented in Chapter 1.

An in-depth investigation on factors affecting biofilm disinfection is carried out in 
Chapter 2. The technical limitations of confocal laser scanning microscopy in studying 
biofilms and the intricate biofilm architecture (bacteria, EPS, water) call for new biofilm 
assessment techniques that can take into account the influence of each biofilm com-

ponent on the overall biofilm behavior. In Chapter 2A, optical coherence tomography 
and viscoelastic analysis (low load compression testing) are introduced as additional 
biofilm assessment tools, next to confocal laser scanning microscopy. The combination 
of all techniques allowed us for the first time to study how the biofilm structure directly 
affects the biofilm response to several endodontic irrigants, but also to visually demon-
strate the effect of the irrigants on biofilms of different architecture.

Exploiting the advantages that optical coherence tomography offers in the study of 
biofilm response to antibiofilm compounds, an attempt was made to elucidate how 
specific irrigation parameters affect the antibiofilm efficiency of NaOCl. In Chapter 2B, 
we demonstrate how factors such as application time and volume of NaOCl should be 
taken into account in the pursuit of maximizing the antibiofilm efficacy of this irrigant. 

Defining the optimal concentration of NaOCl that should be used clinically is a mat-
ter of ongoing debate. Despite the plethora of evidence regarding the bacterial killing 
capacity of several NaOCl concentrations when in contact with biofilms, information 
on their effect in biofilm disruption, removal and architecture is lacking. In Chapter 
2C, taking advantage of the knowledge accumulated from our previous investigations, 
we correlate the concentration-dependent efficacy of NaOCl with differences in biofilm 
structure and we propose a theory for that. In addition, we make a first attempt to un-
ravel the working mechanisms behind the concentration-dependent antibiofilm effect 
of NaOCl by taking into account the observed bubble formation.

The microbial modulation of stem cells from the apical papilla is a possible clinical 
scenario when revitalization treatment is performed. Interestingly, this field remains 
largely unexplored. In Chapter 3 we investigate the response of stem cells isolated from 
the apical papilla when exposed to bacterial and biofilm secretomes. Furthermore, we 
probe into the effect of TLR signaling pathway on the stem cell plasticity by investigat-
ing how TLR2 signaling affects the mineralizing and inflammatory phenotype of the 
stem cells.

The development of cost-effective stem cell-based therapies for mineralized tissue repair 
and regeneration requires optimization in the delivery of natural mineralizing inductive 
cues and identification of stem cell populations that are able to respond accordingly. 
In Chapter 4, we investigate the effect of human dentin matrix components on the 
mineralizing capacity of various human stromal cell types and we qualitatively analyze 
morphological differences in the generated mineralizing structures. Our findings high-
light for the first time the potential benefit that the combination of human umbilical 
cord mesenchymal stem cells with dentin matrix components could have in mineralized 
tissue engineering.

In Chapter 5 we summarize the main findings of this thesis and we discuss clinical im-
plications and future research and clinical perspectives in relation to our findings.  



1716    Chapter 1 | IntroduCtIon

REFERENCES

1. Nair PN. Pathogenesis of apical periodontitis 
and the causes of endodontic failures. Crit Rev 
Oral Biol Med. 2004; 15(6):348-81.

2. Kakehashi S, Stanley HR, Fitzgerald RJ. The 
effects of surgical exposures of dental pulps in 
germ-free and conventional laboratory rats. 
Oral Surg Oral Med Oral Pathol. 1965; 20:340-9.

3. Möller AJ. Microbial examination of root 
canals and periapical tissues of human teeth. 
Odontol Tidskr. 1966; 74(5):Suppl:1-380.

4. Möller AJ, Fabricius L, Dahlén G, Ohman, 
AE, Heyden G. Influence on periapical tissues 
of indigenous oral bacteria and necrotic pulp 
tissue in monkeys. Scand J Dent Res. 1981; 
89(6):475-84.

5. Nair PNR. Light and electron microscop-
ic studies of root canal flora and periapical 
lesions. J Endod. 1987; 13(1):29-39.

6. Molven O, Olsen I, Kerekes K. Scanning 
electron microscopy of bacteria in the apical 
part of root canals in permanent teeth with 
periapical lesions. Endod Dent Traumatol. 
1991; 7(5):226-9.

7. Siqueira JF Jr, Rôças IN, Lopes HP. Patterns 
of microbial colonization in primary root canal 
infections. Oral Surg Oral Med Oral Pathol 
Oral Radiol Endod. 2002; 93(2):174-8.

8. Carr GB, Schwartz RS, Schaudinn C, Gorur 
A, Costerton JW. Ultrastructural examination 
of failed molar retreatment with secondary api-
cal periodontitis: an examination of endodontic

biofilms in an endodontic retreatment failure. J 
Endod. 2009; 35(9):1303-9.

9. Schaudinn C, Carr G, Gorur A, Jaramillo D, 
Costerton JW, Webster P. Imaging of endodon-
tic biofilms by combined microscopy (FISH/
cLSM–SEM). J Microsc. 2009; 235(2):124-7.

10. Richardson N, Mordan NJ, Figueiredo 
JA, Ng YL, Gulabivala K. Microflora in teeth 
associated with apical periodontitis: a meth-
odological observational study comparing two 
protocols and three microscopy techniques. Int 
Endod J. 2009; 42(10):908-21.

11. Ricucci D, Siqueira JF Jr, Bate AL, Pitt Ford 
TR. Histologic investigation of root canal-treat-
ed teeth with apical periodontitis: a retrospec-
tive study from twenty-four patients. J Endod. 
2009; 35(4):493-502.

12. Svensäter G, Bergenholtz G. Biofilms in 
endodontic infections. Endod Topics. 2004; 
9(1):27-36.

13. Chavez de Paz LC. Redefining the persistent 
infection in root canals: possible role of biofilm 
communities. J Endod. 2007; 33(6):652-62.

14. Ricucci D, Siqueira JF Jr. Biofilms and apical 
periodontitis: study of prevalence and associa-
tion with clinical and histopathologic findings. 
J Endod. 2010; 36(8):1277-88.

15. Siqueira JF Jr, Rôças IN. Community as the 
unit of pathogenicity: an emerging concept as 
to the microbial pathogenesis of apical peri-
odontitis. Oral Surg Oral Med Oral Pathol Oral 
Radiol Endod 2009; 107: 870-78.

16. Swimberghe RCD, Coenye T, De Moor RJG, 
Meire MA. Biofilm model systems for root ca-
nal disinfection: a literature review. Int Endod 
J. 2019; 52(5):604-28.

17. Cvek M. Prognosis of luxated non-vital max-
illary incisors treated with calcium hydroxide 
and filled with gutta-percha. A retrospective 
clinical study. Endod Dent Traumatol. 1992; 
8(2):45-55.

18. Hargreaves KM, Giesler T, Henry M, Wang 
Y. Regeneration potential of the young perma-
nent tooth: what does the future hold? J Endod. 
2008; 34(7 Suppl):S51-6.

19. Huang GT, Sonoyama W, Liu Y, Liu H, 
Wang S, Shi S. The hidden treasure in apical 
papilla: the potential role in pulp/dentin regen-
eration and bioroot engineering. J Endod. 2008; 
34(6):645-51.

20. Alongi DJ, Yamaza T, Song Y, Fouad AF, 
Romberg EE, Shi S, Tuan RS, Huang GT. Stem/
progenitor cells from inflamed human dental 
pulp retain tissue regeneration potential. Regen 
Med. 2010; 5(4):617-

21. Liao J, Al Shahrani M, Al-Habib M, Tanaka 
T, Huang GT. Cells isolated from inflamed peri-
apical tissue express mesenchymal stem cell 
markers and are highly osteogenic. J Endod. 
2011; 37(9):1217-24.

22. Bose R, Nummikoski P, Hargreaves K. A ret-
rospective evaluation of radiographic outcomes 
in immature teeth with necrotic root canal 
systems treated with regenerative endodontic 
procedures. J Endod. 2009; 35(10):1343-9.

23. Jeeruphan T, Jantarat J, Yanpiset K, Su-
wannapan L, Khewsawai P, Hargreaves KM. 
Mahidol study 1: comparison of radiographic 
and survival outcomes of immature teeth 
treated with either regenerative endodontic or 
apexification methods: a retrospective study. J 
Endod. 2012; 38(10):1330-6.

24. Kim SG, Malek M, Sigurdsson A, Lin LM, 
Kahler B. Regenerative endodontics: a compre-
hensive review. Int Endod J. 2018; 51(12):1367-
88. 

25. Lee JY, Kersten DD, Mines P, Beltran TA. 
Regenerative endodontic procedures among 
endodontists: a web-based survey. J Endod. 
2018; 44(2):250-5.

26. Murray PE, Garcia-Godoy F, Hargreaves 
KM. Regenerative endodontics: a review of 
current status and a call for action. J Endod. 
2007; 33(4):377-90.

27. Galler KM, Krastl G, Simon S, Van Gorp G, 
Meschi N, Vahedi B, Lambrechts P. European 
Society of Endodontology position statement: 
Revitalization procedures. Int Endod J. 2016; 
49(8):717-23.

28. Langer R, Vacanti JP. Tissue engineering. 
Science. 1993; 260(5110):920-26.

29. Shimizu E, Ricucci D, Albert J, Alobaid 
AS, Gibbs JL, Huang GT, Lin LM. Clinical, 
radiographic, and histological observation of a 
human immature permanent tooth with chron-
ic apical abscess after revitalization treatment. J 
Endod. 2013; 39(8):1078-83.

30. Lin LM, Shimizu E, Gibbs JL, Loghin S, 
Ricucci D. Histologic and histobacteriologic 
observations of failed revascularization/revi-
talization therapy: a case report. J Endod. 2014; 
40(2):291-5. 

31. Becerra P, Ricucci D, Loghin S, Gibbs JL, 
Lin LM. Histologic study of a human imma-
ture permanent premolar with chronic apical 
abscess after revascularization/revitalization. J 
Endod. 2014; 40(1):133-9. 

32. Meschi N, Hilkens P, Van Gorp G, Strijbos 
O, Mavridou A, Cadenas de Llano Perula M, 
Lambrichts I, Verbeken E, Lambrechts P. Re-
generative endodontic procedures posttrauma: 
immunohistologic analysis of a retrospective 
series of failed cases. J Endod. 2019; 45(4):427-
434.

33. Galler KM, Eidt A, Schmalz G. Cell-free 
approaches for dental pulp tissue engineering. J 
Endod. 2014; 40(4 Suppl):S41-5. 

34. Huang GT, Garcia-Godoy F. Missing con-
cepts in de novo pulp regeneration. J Dent Res. 
2014; 93(8):717-24. 

35. Lin LM, Ricucci D, Huang GT. Regeneration 
of the dentine-pulp complex with revitaliza-
tion/revascularization therapy: challenges and 
hopes. Int Endod J. 2014; 47(8):713-24.

36. Siqueira JF Jr, Rôças IN. Clinical implica-
tions and microbiology of bacterial persistence 
after treatment procedures. J Endod. 2008; 
34(11):1291-301.

37. Zandi H, Petronijevic N, Mdala I, Kristof-
fersen AK, Enersen M, Rôças IN, Siqueira JF Jr, 
Ørstavik D.

Outcome of endodontic retreatment using 2 
root canal irrigants and influence of infection 
on healing as determined by a molecular meth-
od: a randomized clinical trial. J Endod. 2019; 
45(9):1089-98. 

38. Fouad AF. The microbial challenge to pulp 
regeneration. Adv Dent Res. 2011; 23(3):285-9.



1918    Chapter 1 | IntroduCtIon

39. Chávez de Paz LE, Bergenholtz G, Svensäter 
G. The effects of antimicrobials on endodontic 
biofilm bacteria. J Endod. 2010; 36(1):70-7.

40. Tawakoli PN, Ragnarsson KT, Rechenberg 
DK, Mohn D, Zehnder M. Effect of endodontic 
irrigants on biofilm matrix polysaccharides. Int 
Endod J. 2017; 50(2):153-60.

41. van der Sluis L, Boutsioukis C, Jiang L-M, 
Macedo R, Verhaagen B, Versluis M. Root canal 
irrigation. In Chávez de Paz LE, Sedgley CM, 
Kishen A, eds. The Root Canal Biofilm. Spring-
er Series on Biofilms 9. Berlin Heidelberg: 
Springer-Verlag; 2015. p. 259-301.

42. Trevino EG, Patwardhan AN, Henry MA, 
Perry G, Dybdal-Hargreaves N, Hargreaves KM, 
Diogenes A. Effect of irrigants on the survival 
of human stem cells of the apical papilla in a 
platelet-rich plasma scaffold in human root 
tips. J Endod. 2011; 37(8):1109-15.

43. Martin DE, De Almeida JF, Henry MA, 
Khaing ZZ, Schmidt CE, Teixeira FB, Diogenes 
A. Concentration-dependent effect of sodium 
hypochlorite on stem cells of apical papilla 
survival and differentiation. J Endod. 2014; 
40(1):51-5.

44. Galler KM, Widbiller M, Buchalla W, Eidt 
A, Hiller KA, Hoffer PC, Schmalz G. EDTA 
conditioning of dentine promotes adhesion, 
migration and differentiation of dental pulp 
stem cells. Int Endod J. 2016; 49(6):581-90.

45. Widbiller M, Althumairy RI, Diogenes A. 
Direct and indirect effect of chlorhexidine on 
survival of stem cells from the apical papilla 
and its neutralization. J Endod. 2019; 45(2):156-
160. 

46. Ordinola-Zapata R, Bramante CM, 
Cavenago B, Graeff MS, Gomes de Moraes I, 
Marciano M, Duarte MA. Antimicrobial effect 
of endodontic solutions used as final irrigants 
on a dentine biofilm model. Int Endod J. 2012; 
45(2):162-8.

47. Arias-Moliz MT, Ordinola-Zapata R, Baca P, 
Ruiz-Linares M, García García E, Hungaro Du-
arte MA, Monteiro Bramante C, Ferrer-Luque 
CM. Antimicrobial activity of chlorhexidine, 
peracetic acid and sodium hypochlorite/etidro-
nate irrigant solutions against Enterococcus 
faecalis biofilms. Int Endod J. 2015; 48(12):1188-
93.

48. Prado M, Santos Júnior HM, Rezende CM, 
Pinto AC, Faria RB, Simão RA, Gomes BP. 
Interactions between irrigants commonly used 
in endodontic practice: a chemical analysis. J 
Endod. 2013; 39(4):505-10. 

49. Kontakiotis EG, Filippatos CG, Tzanetakis 
GN, Agrafioti A. Regenerative endodontic 
therapy: a data analysis of clinical protocols. J 
Endod. 2015; 41(2):146-54.

50. Almutairi W, Yassen GH, Aminoshariae A, 
Williams KA, Mickel A. Regenerative endodon-
tics: a systematic analysis of the failed cases. J 
Endod. 2019;45(5):567-77

51. Diogenes A, Hargreaves KM. Microbial 
modulation of stem cells and future directions 
in regenerative endodontics. J Endod. 2017; 
43(9S):S95-S101.

52. Gronthos S, Mankani M, Brahim J, Robey 
PG, Shi S. Postnatal human dental pulp stem 
cells (DPSCs) in vitro and in vivo. Proc Natl 
Acad Sci U S A. 2000; 97(25):13625-30.

53. Gronthos S, Brahim J, Li W, Fisher LW, 
Cherman N, Boyde A, DenBesten P, Robey PG, 
Shi S. Stem cell properties of human dental 
pulp stem cells. J Dent Res. 2002; 81(8):531-5.

54. Huang GT, Gronthos S, Shi S. Mesenchy-
mal stem cells derived from dental tissues vs. 
those from other sources: their biology and 
role in regenerative medicine. J Dent Res. 2009; 
88(9):792-806.

55. Lovelace TW, Henry MA, Hargreaves KM, 
Diogenes A. Evaluation of the delivery of 
mesenchymal stem cells into the root canal 
space of necrotic immature teeth after clinical 
regenerative endodontic procedure. J Endod. 
2011; 37(2):133-8.

56. Andreasen JO, Kristerson L, Andreasen FM. 
Damage of the Hertwig’s epithelial root sheath: 
effect upon root growth after autotransplanta-
tion of teeth in monkeys. Endod Dent Trauma-
tol. 1988; 4(4):145-51.

57. Ricucci D, Siqueira JF Jr, Loghin S, Lin LM. 
Pulp and apical tissue response to deep caries 
in immature teeth: A histologic and histobacte-
riologic study. J Dent. 2017; 56:19-32.

58. He L, Zhong J, Gong Q, Kim SG, Zeichner 
SJ, Xiang L, Ye L, Zhou X, Zheng J, Liu Y, 
Guan C, Cheng B, Ling J, Mao JJ. Treatment 
of necrotic teeth by apical revascularization: 
meta-analysis. Sci Rep. 2017; 7(1):13941.

59. Tong HJ, Rajan S, Bhujel N, Kang J, Duggal 
M, Nazzal H. Regenerative endodontic therapy 
in the management of nonvital immature 
permanent teeth: a systematic review-outcome 
evaluation and meta-analysis. J Endod. 2017; 
43(9):1453-64.

60. Sung DK, Chang YS, Sung SI, Yoo HS, Ahn 
SY, Park WS. Antibacterial effect of mesen-
chymal stem cells against Escherichia coli is 
mediated by secretion of beta- defensin- 2 via 
toll- like receptor 4 signalling. Cell Microbiol. 
2016;18(3):424-36.

61. Li TX, Yuan J, Chen Y, Pan LJ, Song C, Bi 
LJ, Jiao XH. Differentiation of mesenchymal 
stem cells from human umbilical cord tissue 
into odontoblast-like cells using the condi-
tioned medium of tooth germ cells in vitro. 
Biomed Res Int. 2013; 2013:218543. 

62. Hsieh JY, Wang HW, Chang SJ, Liao KH, 
Lee IH, Lin WS, Wu CH, Lin WY, Cheng SM. 
Mesenchymal stem cells from human umbilical 
cord express preferentially secreted factors 
related to neuroprotection, neurogenesis, and 
angiogenesis. PLoS One. 2013; 8(8):e72604.

63. Li J, Parada C, Chai Y. Cellular and molec-
ular mechanisms of tooth root development. 
Development. 2017; 144(3):374-384.

64. Goldberg M, Smith AJ. Cells and extracel-
lular matrices of dentin and pulp: a biological 
basis for repair and tissue engineering. Crit Rev 
Oral Biol Med. 2004; 15(1):13-27.

65. Baker SM, Sugars RV, Wendel M, Smith AJ, 
Waddington RJ, Cooper PR, Sloan AJ. TGF-be-
ta/extracellular matrix interactions in dentin 
matrix: a role in regulating sequestration and 
protection of bioactivity. Calcif Tissue Int. 
2009; 85(1):66-74.

66. Schönherr E, Hausser HJ. Extracellular 
matrix and cytokines: a functional unit. Dev 
Immunol. 2000; 7(2-4):89-101.

67. About I, Mitsiadis TA. Molecular aspects of 
tooth pathogenesis and repair: in vivo and in 
vitro models. Adv Dent Res. 2001; 15:59-62.

68. Magloire H1, Romeas A, Melin M, Couble 
ML, Bleicher F, Farges JC. Molecular regu-
lation of odontoblast activity under dentin 
injury. Adv Dent Res. 2001; 15:46-50.

69. Smith AJ, Leaver AG. Non-collagenous 
components of the organic matrix of rabbit in-
cisor dentine. Arch Oral Biol. 1979;24(6):449-54.

70. Smith AJ, Leaver AG. Distribution of the 
EDTA-soluble non-collagenous organic matrix 
components of rabbit incisor dentine. Arch 
Oral Biol. 1981;26(8):643-9.

71. American Association of Endodontists. 
Clinical considerations for a regenerative 
procedure. Revised 2016. https://www.aae.
org/uploadedfiles/publications_and_research/
research/currentregenerativeendodonticconsid-
erations.pdf.

72. Galler KM, D’Souza RN, Federlin M, Cav-
ender AC, Hartgerink JD, Hecker S, Schmalz 
G. Dentin conditioning codetermines cell fate 
in regenerative endodontics.J Endod. 2011; 
37(11):1536-41.

73. Galler KM, Widbiller M, Buchalla W, Eidt 
A, Hiller KA, Hoffer PC, Schmalz G. EDTA 
conditioning of dentine promotes adhesion, 
migration and differentiation of dental pulp 
stem cells. Int Endod J. 2016; 49(6):581-90.

74. Widbiller M, Eidt A, Hiller KA, Buchalla W, 
Schmalz G, Galler KM. Ultrasonic activation 
of irrigants increases growth factor release 
from human dentine. Clin Oral Investig. 2017; 
21(3):879-88. 

https://www.aae.org/uploadedfiles/publications_and_research/research/currentregenerativeendodonticconsiderations.pdf
https://www.aae.org/uploadedfiles/publications_and_research/research/currentregenerativeendodonticconsiderations.pdf
https://www.aae.org/uploadedfiles/publications_and_research/research/currentregenerativeendodonticconsiderations.pdf
https://www.aae.org/uploadedfiles/publications_and_research/research/currentregenerativeendodonticconsiderations.pdf


75. Smith AJ, Cooper PR. Regenerative end-
odontics: burning questions. J Endod. 2017; 
43(9S):S1-S6.

76. Tabatabaei FS, Tatari S, Samadi R, Mo-
haramzadeh K. Different methods of dentin 
processing for application in bone tissue engi-
neering: A systematic review. J Biomed Mater 
Res A. 2016; 104(10):2616-27. 

77. Chun SY, Lee HJ, Choi YA, Kim KM, Baek 
SH, Park HS, Kim JY, Ahn JM, Cho JY, Cho 
DW, Shin HI, Park EK. Analysis of the soluble 
human tooth proteome and its ability to induce 
dentin/tooth regeneration. Tissue Eng Part A. 
2011; 17(1-2):181-91.

78. Lee CP, Colombo JS, Ayre WN, Sloan AJ, 
Waddington RJ. Elucidating the cellular actions 
of demineralised dentine matrix extract on 
a clonal dental pulp stem cell population in 
orchestrating dental tissue repair. J Tissue Eng. 
2015; 6:2041731415586318.

79. Davies OG, Cooper PR, Shelton RM, Smith 
AJ, Scheven BA. A comparison of the in vitro 
mineralisation and dentinogenic potential of 
mesenchymal stem cells derived from adipose 
tissue, bone marrow and dental pulp. J Bone 
Miner Metab. 2015; 33(4):371-82.

80. Avery SJ, Sadaghiani L, Sloan AJ, Wad-
dington RJ. Analysing the bioactive makeup of 
demineralised dentine matrix on bone marrow 
mesenchymal stem cells for enhanced bone 
repair. Eur Cell Mater. 2017; 34:1-14.

81. Widbiller M, Eidt A, Lindner SR, Hiller KA, 
Schweikl H, Buchalla W, Galler KM. Den-
tine matrix proteins: isolation and effects on 
human pulp cells. Int Endod J. 2018; 51(Suppl 
4):e278-e290.

82. Widbiller M, Driesen RB, Eidt A, Lam-
brichts I, Hiller KA, Buchalla W, Schmalz 
G, Galler KM. Cell homing for pulp tissue 
engineering with endogenous dentin matrix 
proteins. J Endod. 2018; 44(6):956-962.e2.

2120    Chapter 1 | IntroduCtIon





23

Chapter 2

Biofilms: biofilm architecture and 
irrigation factors influencing  
disinfection



chapter 2a

Chemical biofilm removal capacity of endodontic 
irrigants as a function of biofilm structure: optical  
coherence tomography, confocal microscopy and  
viscoelasticity determination as integrated assessment 
tools

Fernanda H. Busanello1,*, Xenos Petridis2,*, Marcus V. R. So1, 

René J. B. Dijkstra2, Prashant K. Sharma3, Luc W. M. van der Sluis2 

*Both authors contributed equally to this study and should both be listed as first authors

1 Conservative Dentistry Department, School of Dentistry, Federal University of Rio Grande do Sul, 

Porto Alegre-Rio Grande do Sul, Brazil
2 Department of Conservative Dentistry, Center for Dentistry and Oral Hygiene, 

University Medical Center Groningen, University of Groningen, Groningen, The Netherlands
3 Department of Biomedical Engineering, University Medical Center Groningen, 

University of Groningen, Groningen, The Netherlands

International Endodontic Journal, 2019, Volume 52, Issue 4, pp 461-474

https://onlinelibrary.wiley.com/doi/full/10.1111/iej.13027

https://onlinelibrary.wiley.com/doi/full/10.1111/iej.13027


2726    Chapter 2a | bIofIlm struCture

Abstract

Aim 

To investigate the influence of biofilm structure on the biofilm removal capacity of end-
odontic irrigants and to study changes in the architecture of the remaining biofilms.

Methodology 

Streptococcus oralis J22 and Actinomyces naeslundii T14V-J1 were co-cultured under dif-
ferent growth conditions on saliva-coated hydroxyapatite discs. A constant depth film 
fermenter (CDFF) was used to grow steady-state 4-day biofilms. Biofilms were grown 
under static conditions for 4 and 10 days within a confined space. Twenty microlitres of 
2% NaOCl, 2% CHX, 17% EDTA and buffer were applied statically on the biofilms for 60 
s. Biofilm removal was evaluated with optical coherence tomography (OCT). Post-treat-
ed biofilms were assessed via low load compression testing (LLCT) and confocal laser 
scanning microscopy (CLSM). OCT data were analyzed through a two-way analysis of 
variance (ANOVA). LLCT and CLSM data were analyzed through one-way ANOVA and 
Dunnett’s post-hoc test. The level of significance was set at a < 0.05.

Results 

The initial biofilm structure affected the biofilm removal capacity of the irrigants.  
NaOCl demonstrated the highest chemical efficacy against the biofilms and was sig-
nificantly more effective on the static than the CDFF biofilms (P < 0.001). CHX was inef-
fective and caused a re-arrangement of the biofilm structure. EDTA exhibited a distinct 
removal effect only on the CDFF biofilms. Biofilm age influenced the structure of the 
remaining biofilms. The 4-day grown remaining biofilms had a significantly different 
viscoelastic pattern compared to the respective 10-day grown biofilms (P ≤ 0.01), espe-
cially in the NaOCl-treated group. CLSM analysis confirmed the CHX-induced biofilm 
structural re-arrangement. 

Conclusions 

Biofilm structure is an influential factor on the chemical efficacy of endodontic irrig-
ants. Optical Coherence Tomography allows to study biofilm removal characteristics. 
NaOCl should remain the primary irrigant. EDTA was effective against cell-rich/ EPS-
poor biofilms. CHX did not remove biofilm, but rather re-arranged its structure.

Introduction

Apical periodontitis is the reaction of the host immune system to microorganisms 
mainly located within the root canal system1. Although complete eradication of the 
microbial infection is the theoretical aim of root canal treatment, this has been consid-
ered as an unrealistic task due to the complex intra-radicular anatomy and the biofilm 
mode of microbial colonization2,3. However, lowering the biofilm burden below a 
threshold that would allow healing to take place seems to be the pragmatic aim of root 
canal treatment4. Therefore, from a clinical standpoint, the effect of the most widely 
employed endodontic irrigants on biofilm removal becomes highly relevant. In addi-
tion, studying the structure of the biofilm that persists after disinfection procedures 
could aid in developing more effective removal regimes5. 

Biofilms have a distinct structure comprised mainly of water, a matrix of extracellular 
polymeric substances (EPS) and the microorganisms6. This structural organization 
determines the susceptibility of biofilms to biocides to a great extent. Firstly, the pres-
ence of highly negatively charged polyelectrolytes in the biofilm matrix offers diffusion 
resistance to antimicrobials protecting the biofilm against chemical stresses7. Secondly, 
the viscoelastic properties, as a result of the structural composition, dictate the ability 
of biofilms to deform and adapt under mechanical stresses, thereby influencing its re-
moval8-11. Therefore, investigating the biofilm structure itself and its response to various 
stresses is important12,13.

In general, the antibiofilm effect of biocides has been tested mostly on biofilms of 
known bacterial composition but unknown structural organization. Moreover, con-
focal laser scanning microscopy (CLSM) is most often used to evaluate the outcome 
of a chemical treatment against biofilms, focusing mainly on bacterial killing and not 
biofilm removal. In addition, although CLSM also provides information on the amount 
and spatial distribution of labelled biofilm components, it constitutes an inherently 
flawed method with known limitations14. Hence, more techniques are needed, prefera-
bly applied in tandem and in a supplementary fashion in order to study the post-treat-
ment fate of the biofilm structure.

Low load compression testing (LLCT) is a method used to study the viscoelastic be-
haviour of biofilms. It records the stress relaxation that occurs while the biofilm is being 
compressed axially with a given load and for a given time15. The stress relaxation data 
can be mathematically fitted using a generalized Maxwell model (Fig.1), in which each 
element has a spring constant related to the elastic part of the biofilm and a charac-
teristic decay time constant related to the ratio of the viscous and elastic parts. Three 
elements have been described, namely, the fastest relaxation element attributed to wa-
ter flow in the biofilm under mechanical stress (lowest viscosity), the slowest element 
to the bacterial cells (highest viscosity) and the intermediate element to EPS/eDNA 
constituents15. Recently, an association between biofilm structure and penetration of 
disinfectants was demonstrated using LLCT16, thereby expanding our understanding on 
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the utility of this method for studying the post-treatment chemically affected biofilm 
structure. 

Optical coherence tomography (OCT) is a ‘’non-invasive’’ imaging method enabling 
multiple assessments on the same biofilm samples, biofilm height determination and il-
lustration of the biofilm structure17. OCT yields greyscale images representing a sagittal 
cross-section of a biofilm sample. Data acquisition is based on low-coherence inter-
ferometry. Light scattering is measured and due to the proportional relation between 
reduction of light penetration and biofilm density and thickness (Lambert-Beer law), 
the generation of layers of different grayscale density within the biofilm is attainable. 
By analysing the shifting that occurs at the greyscale level after the application of a 
biocide, biofilm structure alterations can be visualized and measured. 

Oral biofilms exhibit various structural arrangements and in vitro biofilms cultured 
under different conditions share many structural similarities with these in vivo oral 
biofilms16. In the present study, two endodontically relevant bacterial species were 
used. Streptococcus oralis is a facultative anaerobe Gram-positive species and Actino-
myces naeslundii is a strict anaerobe Gram-positive species. Both are resistant to root 
canal disinfection procedures and therefore frequently encountered as root canal 
‘’persisters’’18. Additionally, their capacity to co-aggregate and form robust biofilms 
with viscoelastic properties comparable to in vivo oral biofilms has been previously 
established16,19. The two bacterial species were co-cultured under specific conditions, 
in order to grow standardized multi-species biofilms exhibiting different structural 
architecture (water, EPS and bacterial density). After validating the differences in the 
structure of the cultured biofilms with the aid of LLCT and CLSM, the influence of the 
biofilm structure itself on the chemical removal capacity of 2% sodium hypochlorite 
(NaOCl), 17% ethylene-diamine-tetra-acetic acid (EDTA) and 2% chlorhexidine (CHX) 

were investigated with OCT. In addition, analysis of the post-treatment remaining 
biofilms was performed. For that purpose, CLSM was used to detect changes occurring 
on the bacterial and EPS components of each distinct biofilm structure after treatment 
and LLCT to evaluate irrigant-induced alterations on specific viscoelastic elements of 
the different biofilms.

Materials and methods

Bacterial strains and growth conditions

The clinical isolates S. oralis J22 and A. naeslundii T14V-J1 were grown as described 
previously16. Briefly, the bacteria were streaked on blood agar plates and a single colony 
was used to inoculate 10 mL modified brain heart infusion broth (BHI) (37.0 g/L BHI, 
1.0 g/L yeast extract, 0.02 g/L NaOH, 0.001 g/L Vitamin K1, 5 mg/L L-cysteine-HCl, 
pH 7.3) (BHI, Oxoid Ltd., Basingstoke, UK). Subsequently, S. oralis were cultured at 
37°C for 24 h in ambient air and A. naeslundii at 37°C for 48 h in an anaerobic chamber 
(pre-cultures). Pre-cultures were used to inoculate 50 mL modified BHI (1:20 dilution) 
and grown for 16 h (main cultures). Bacteria were harvested by centrifugal force (6,350 
×g) and washed twice in sterile adhesion buffer (0.147 g/L CaCl2, 0.174 g/L K2HPO4, 
0.136 g/L KH2PO4, 3.728 g/L KCl, pH 6.8). The bacterial pellets were suspended in 10 
mL sterile adhesion buffer and sonicated intermittently in ice-water for 3 × 10 s at 30 W 
(Vibra cell model 375, Sonics and Materials Inc., Newtown, CT, USA) to break bacterial 
chains. Bacteria were counted in a Bürker-Türk counting chamber (Marienfeld-Supe-
rior, Lauda-Königshofen, Germany) and both suspensions were diluted in adhesion 
buffer in order to prepare a dual-species bacterial suspension of a concentration of 6 × 
108 bacteria/mL for S. oralis and 2 × 108 bacteria/mL for A. naeslundii.

Biofilm growth

In order to obtain biofilms with different structures, and therefore mimic the structural 
variety of biofilms found in the oral cavity, several growth conditions were applied. Spe-
cifically, the constant depth film fermenter (CDFF) was used for the growth of steady-
state biofilms. This was achieved through the repeated cycles of scraping/compaction 
and the limited dropwise supply of nutrients that takes place during biofilm formation 
in this apparatus, eventually leading to dental plaque-like bacterial dense biofilms20,21. 
Briefly, the CDFF was equipped with 15 sample holders and each holder included 5 sali-
va-coated hydroxyapatite (HA) discs of 5 mm diameter each that served as the substrate 
for biofilm growth. For the saliva coating, freeze dried whole saliva pooled from at least 
20 healthy volunteers of both genders (saliva collection was performed in agreement 

Figure 1. Representation of viscoelastic model for biofilms. (a) Deformation curve consisting 
of applied stress (Pa) until t0 and relaxation over time (s). (b) Schematic presentation of the 
generalized Maxwell model, comprised of spring constant Ei, viscosity ƞi.

a) b)
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with the guidelines set out by the Medical Ethical Committee at the University Medi-
cal Center Groningen, Groningen, The Netherlands, approval letter 06-02-2009) was 
dissolved in 30 mL adhesion buffer (1.5 g/L), stirred for 2 h and centrifuged at 15,000 ×g, 
10°C for 5 min. The HA discs were exposed to the reconstituted saliva for 14 h, at 4°C, 
under static conditions. The saliva-coated HA discs were placed on the stage platform 
of the holders, which were already recessed to a depth of 250 μm in order to allow for 
the growth of biofilms of standardized thickness. Following, 100 mL of the dual-species 
bacterial suspension was introduced dropwise in the CDFF over 1 h, while the CDFF 
table with the holders was kept in constant slow rotation. Subsequently, the rotation 
was stopped for 30 min to allow for the bacteria to adhere to the saliva-coated HA sub-
strate. Finally, rotation was resumed and the biofilms were grown for 96 h at 37°C under 
continuous supply of modified BHI with a rate of 45 mL/h.

To obtain biofilms of similar form but different structure, samples were grown in con-
fined spaces, under static conditions and in abundance of media, but for two different 
time periods. Five sterile saliva-coated HA disks (diameter = 5mm) were placed on the 
stage platform of the CDFF holders. The stage platforms were recessed to the maximum 
depth allowed by the holders (h = 2 mm), thus enabling the growth of biofilms within 
this confined space of the CDFF holders (maximum volume for biofilm growth = πr2h = 
3.14 × (2.5 mm)2 × 2 mm = 39.3 mm3). The HA disc-carrying CDFF holders were im-
mersed in a volumetric jar with 20 mL of the dual-species bacteria suspension and left 
undisturbed for 30 min to allow for bacterial adhesion to occur. The bacterial suspen-
sion was subsequently decanted and 20 mL of modified BHI was added and refreshed 
every 24 h for 4 and 10 days.

Application of the endodontic irrigants

Twenty samples of each type of biofilm were used, divided into 4 groups according to 
the endodontic irrigant applied. Biofilms were treated with adhesion buffer, 2% NaOCl, 
17% EDTA and 2% CHX, all in liquid form, by applying once statically (no flow) 20 μL 
solution over the biofilms and leaving the samples undisturbed for 60 s. Subsequently, 
adhesion buffer was gently pipetted over the biofilms to neutralize EDTA and CHX, 
while NaOCl solution was neutralised by gently pipetting 4.23% sodium thiosulfate 
(Na2S2O3, Sigma-Aldrich, St Louis, Missouri, USA).

Optical coherence tomography (OCT) and biofilm removal assessment

Biofilm removal quantification was carried out with the OCT by comparing pre- and 
post- treatment acquired images. During OCT imaging, the biofilms were kept in a 
volumetric jar with adhesion buffer. Real time 2D cross-sections representative for the 
biofilm were acquired with an OCT scanner (Thorlabs, Newton, New Jersey, USA).  
The field of view (FOV) was set up to 45 mm, the refraction index to 1.33 and images 

were processed with the ThorImage OCT software (Thorlabs). To increase the repro-
ducibility of the image analysis, an open source image analysis software (Fiji, https://
imagej.net/Fiji) was used to calculate the distance in every column of pixels between 
the substrate and top of the biofilm (4,500 rows of pixels). To improve the accuracy 
of the data, different thresholds in one image were selected22,23. This resulted in the 
identification of different layers in the biofilm. The results of the experiments showed 
that the layer exhibiting the lower greyscale pixel intensity was easily detached from the 
underlying biofilm just by passing the biofilm through an air-liquid interface; this was 
assigned to the term “disrupted layer”. The layer with the higher greyscale pixel intensi-
ty could remain relatively undisturbed and attached to the substrate; this was assigned 
to the term “coherent layer” (Fig. 2). Percentage biofilm reduction was the outcome 
measure. This was calculated from the OCT pre- and post- treatment measurements 
of the coherent layer for every treatment. Biofilm behaviour during contact with the 
endodontic irrigants was also registered ‘’real-time’’ by recording OCT videos (FOV size 
of 45 mm and refraction index of 1.33, frame rate: 0.4 image/s). Biofilms were placed in 
a parallel plate flow chamber and endodontic irrigants were introduced with low flow 
rate (approximately 2.5 mL/min). The effects induced by the irrigants were recorded 
during a 5-minute time lapse.

Figure 2. Identification of different biofilm layers imaged with the OCT. The degree of coherence of 
each layer was correlated to its corresponding grayscale level. (a) 2% NaOCl treated CDFF, split in 
(b) Coherent layer of the biofilm and (c) Disrupted layer of the biofilm, (scale bar: 250 μm).

a)

b)

c)
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Low load compression testing (LLCT) and assessment of biofilm viscoelastic properties

Biofilms were compressed to a 20% deformation within 1 s, after which the deformation 
was held constant for 100 s16. The relaxation was monitored over time and normalized 
over the cross-sectional area of the plunger to calculate the induced stress (Fig. 1A).  
The percentage change in induced stress occurring within 100 s from its initial value was 
termed the percentage stress relaxation (R). The stress relaxation curves for each biofilm 
were modelled using a generalized Maxwell model, by fitting experimentally measured 
data to equation (1). A generalized Maxwell model is composed of a number of Maxwell 
elements connected in parallel (Fig. 1B). Each Maxwell element is in turn composed of a 
spring (representing the elastic property) and a dash-pot (representing viscous property) 
in series to be able to quantify the viscoelasticity. Each Maxwell element is characterized 
by the spring constant (E) and the relaxation time constant (t). In equation (1), E(t) rep-
resents the total stress exerted by the biofilm divided by the imposed strain. The relative 
importance of each element (RI) was expressed as the percentage of its spring constant 
to the sum of the spring constants of all elements at t = 0 using equation (2). Samples 
were submerged in adhesion buffer during measurements and due to the sensitivity of 
the weigh and to the duration of the measurements (100 s), a correction for water evapo-
ration was applied. 

E (t) = E1e t/τ1 + E2e t/τ2 + E3e t/τ3 + E4e t/τ4   (1)

RIi =  (2)
Ei

E1 + E2 + E3 +E4        

where i varies from 1 to 4.

Confocal laser scanning microscopy (CLSM) and visualization of biofilm composition

Biofilms were stained with live/dead stain (BacLight™, Invitrogen, Breda, The Nether-
lands) (1:3 ratio) for 20 min and with calcofluor white to stain the EPS (polysaccharides) 
(20 μL/mL, 3.8 mM) for 10 min. Following, they were submerged in 15 mL adhesion 
buffer and kept protected from light until imaging. A CLSM (Leica TCSSP2, Leica 
Microsystems GmbH, Heidelberg, Germany) was used to record a stack of images from 
two different randomly selected locations on each biofilm with an 8 × 40 water objective 
lens, with 1024 × 1024 pixels. The ratio of red (disturbed bacterial cell wall integrity), 
green (intact bacterial cell wall) and blue (EPS) to the overall volume of the biomass were 
calculated with COMSTAT software24. Due to the inherent limitations of the technique 
regarding dye penetration (approximately 60 μm staining penetration depth), only the 
top layer of the biofilms was evaluated.

Statistical analysis

Statistical analysis was performed using SPSS software (Version 23.0, IBM Corp., 
Armonk, New York, USA). For analysis of the OCT data, a two-way analysis of variance 
(2-way ANOVA) was carried out, with biofilm type (3 levels) and irrigant treatment (4 
levels) being the 2 independent variables. Tukey HSD post-hoc was performed for the 
analysis of the main effect of each independent variable on biofilm reduction (outcome 
measure) and further analysis of the interaction between the 2 independent variables 
was carried out through simple effect analysis. LLCT and CLSM data for the post-treat-
ed remaining biofilms were analyzed through one-way ANOVA and Dunnett’s post-hoc 
test; within each biofilm type, multiple comparisons between the different irrigant 
treatments and the buffer treatment (control) were made. The level of statistical sig-
nificance was set at a < 0.05. Pearson’s r correlation coefficient was computed to assess 
the association between the stress relaxation (R) and the unique spring constants (E

1-4) 
as well as the relationship between the biofilm viscoelastic elements (LLCT) and the 
biofilm composition (CLSM).

Results 

The following abbreviations are used to describe the different types of biofilms in this 
study:    

4CDFFB: 4-day CDFF grown biofilm, 4SB: 4-day statically grown biofilm, 10SB: 10-day 
statically grown biofilm.

Viscoelastic elements associated with biofilm structural components

LLCT analysis from all samples yielded 4 unique decay times (ti, s), that based on the 
frequency were binned to the following time intervals: t1: 0,01 - < 0,5 s, t2: 0,5 - < 3 s, 
t3: 3 - < 100 s, and t4: > 100 s (Fig. 3). Allocating these decay times to spring constants 
during the stress relaxation data fitting analysis resulted in 4 spring constants or 
components, namely E1, E2, E3 and E4. Based on the hydrogel model25 and on previous 
publications15,16, E1 was ascribed to ‘’free water’’, E2 to ‘’bound water’’, E3 to EPS-related 
material and E4 to bacterial cells. Additional analysis yielded a strong negative correla-
tion between stress relaxation (R) and E4 (Pearson’s r = -0.962, p < 0.001), namely the 
higher the E4 the lower the R. Furthermore, R was positively correlated to E1 (Pearson’s 
r = 0.767, P < 0.001) and E2 (Pearson’s r = 0.545, P < 0.001). Indeed, when E1 and E2 were 
combined, a very strong correlation with R emerged (Pearson’s r = 0.927, P < 0.001). 



Figure 4. Validation of 
structural differences in 
untreated biofilms grown 
under different conditions. 
(a) Stress relaxation and 
Maxwell element analysis. 
(b) Relative quantification 
(to the total biomass) of the 
stained bacterial and EPS 
biofilm components. Values 
are presented as mean ± 
95% confidence interval. 
Statistical significance 
is represented by * for 
P ≤ 0.05, † for P ≤ 0.01 
and ‡ for P ≤ 0.001. (c-e) 
Representative images of 
biofilms imaged by CLSM 
(left panel: overview, right 
panel-bottom: cross-
section) and OCT (right 
panel-upper),  
(c) CDFF biofilm, where 
areas with dense bacterial 
aggregations are evident, as 
well as extensive superficial 
areas with red stained 
bacteria (dead) due to 
the continuous scraping/
compaction occurring 
during biofilm formation, 
(d) 4-day static biofilm, 
with increased presence of 
EPS and  
(e) 10-day static biofilm, 
where the increased 
thickness and density 
of the different stained 
biofilm components are 
evident, as well as the 
biofilm stratification 
with a dense aggregation 
of red stained (dead) 
bacterial cells internally 
and the green stained 
(live) cells externally. 
Scale bar represents 250 
µm. 4CDFFB, 4-day CDFF 
biofilm; 4SB, 4-day static 
biofilm; 10SB, 10-day static 
biofilm.
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Validation of differences in biofilm structure through LLCT and CLSM of untreated biofilms

To validate differences in the structure of the differently grown biofilms, data from 
untreated biofilms (no irrigant applied) were included in the analysis.

LLCT data revealed that stress relaxation was significantly lower in 4CDFFB compared 
to 4SB (P = 0.002) and 10SB (P = 0.042). The relative importance of the influence of the 
free water (E1) was significantly higher in 4SB compared to 4CDFFB (P = 0.005) and 
10SB (P < 0.001). On the other hand, the relative importance of the influence of the 
bacterial cells (E4) was significantly higher in 4CDFFB compared to 4SB (P = 0.002) 
and 10SB (P = 0.044). The relative importance of the influence of bound water (E2) was 
significantly higher in the 10SB compared to 4CDFFB (P = 0.008). Accordingly, the 
EPS-related material (E3) was significantly higher in the 10SB compared to the 4CDFFB 
(P = 0.04) and considerably higher compared to the 4SB (Fig. 4A). 

Structural differences were also confirmed by CLSM, where more dead cells and less 
EPS were found for 4CDFFB compared to 4SB (P = 0.001 for % DEAD and P = 0.002 for 
% EPS) and 10SB (P = 0.007 for % DEAD and P = 0.004 for %EPS) (Fig. 4B). Representa-
tive CLSM images and OCT scans from the different types of grown biofilms are shown 
(Fig. 4C-E).

Figure 3. Frequency plot for all measured t-values, showing the distribution and identification of 
the 4 different groups (t1: 0,01 < 0,5 s, t2: 0,5 < 3 s, t3: 3 < 100 s, and t4: > 100 s).
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Figure 5. Two-way analysis of variance for the structure- and irrigant- dependent percentage 
biofilm reduction showing that biofilm reduction is influenced both by the biofilm structure and 
the irrigant treatment. Main effects of (a) biofilm structure and (b) irrigant treatment, on biofilm 
reduction. (c) Analysis of the effect of the interaction between biofilm structure and irrigant 
treatment on percentage biofilm reduction. Percentage biofilm reduction was compared across 
all levels of the two independent variables (biofilm structure, irrigant treatment). Values are 
presented as mean ± 95% confidence interval. The thick horizontal black lines denote statistically 
significant differences in % biofilm reduction among the differently grown biofilms within each 
irrigant treatment. The thin horizontal black lines denote statistically significant differences in % 
biofilm reduction among the different irrigant treatments within each biofilm structure. Statistical 
significance is represented by * for P≤0.05, † for P≤0.01 and ‡ for P≤0.001. 4CDFFB, 4-day CDFF 
biofilm; 4SB, 4-day static biofilm; 10SB, 10-day static biofilm.
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Biofilm removal depends upon biofilm structure and type of irrigant

The main effect of biofilm structure on biofilm removal was statistically significant  
(P = 0.005). Without taking into consideration the irrigant factor, the 4CDFFB was sig-
nificantly less removed compared to both statically grown biofilms (P ≤ 0.01), whereas 
no differences between the 4SB and 10SB were detected (Fig. 5A). The main effect of 
irrigant treatment on biofilm removal was statistically significant (P = 0.004). Without 
taking into consideration the biofilm structure factor, NaOCl removed significantly 
more biofilm compared to the buffer control (P < 0.001) and the CHX (P = 0.005) and 
considerably more compared to the EDTA (Fig. 5B). No significant differences were 
detected among the other irrigants. 

Biofilm structure dictates the chemical anti-biofilm capacity of NaOCl

A significant interaction was detected between the biofilm structure and irrigant treat-
ment (P = 0.001). Therefore, the differences in biofilm removal induced by each irrigant 
were viewed in relation to the different biofilm structures (simple effect analysis)  
(Fig. 5C). Analysis of the effect of the biofilm structure within each irrigant treatment 
group revealed that NaOCl removed significantly less biofilm in the 4CDFFB compared 
to the pronounced removal observed in the statically grown biofilms (P < 0.001). No 
differences were detected between the 4SB and 10SB. Within the CHX and EDTA irrig-
ant groups, a similar biofilm removal was recorded irrespective of the biofilm structure, 
with EDTA removing noticeably more biofilm in the 4CDFFB. Also, biofilm removal by 
control treatment (buffer) was significantly more pronounced in 4SB compared to the 
4CDFFB (P = 0.022) (Fig. 5). 

Biofilm removal caused by irrigants: NaOCl affects statically grown biofilms but not the 
bacterial dense biofilms and CHX shows inferior biofilm removal

The differences in biofilm removal in each biofilm structure were also viewed in relation 
to the applied irrigant (Fig. 5C). Both within the 4SB and 10SB groups, NaOCl removed 
significantly more biofilm compared to all other irrigants [(4SB: P = 0.015 compared 
to buffer, P = 0.001 compared to CHX, P < 0.001 compared to EDTA) and (10SB: P = 
0.002 compared to buffer, P = 0.005 compared to CHX, P = 0.006 compared to EDTA)]. 
However, in the 4CDFFB, NaOCl was significantly less effective compared to EDTA (P 
= 0.017) and EDTA was significantly more effective compared to the buffer (P = 0.003). 
The CHX-induced biofilm removal was either unremarkable compared to the other 
irrigants in the 4CDFFB or significantly less compared to NaOCl in the statically grown 
biofilms (P = 0.001 within 4SB and P = 0.005 within 10SB) (Fig. 5).

Indeed, OCT ‘’real-time’’ video showed that no biofilm removal was taking place during 
CHX application, but rather a re-arrangement of the biofilm structure was occurring 
(Supplemental video online). 
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Viscoelasticity and architecture of irrigated biofilms: biofilm age-dependent changes of 
viscoelastic elements after NaOCl application and CHX-induced re-arrangement of biofilm 
structure

NaOCl treatment affected differently the biofilm types with regard to their viscoelastic 
properties, compared to the control biofilms (buffer treatment). In the younger biofilms 
(4CDFFB, 4SB), stress relaxation (R), and the relative influence of free water (E1) were 
significantly reduced [(4CDFFB: P = 0.004 for R, P = 0.011 for E1), (4SB: P = 0.002 for 
R, P = 0.005 for E1)], whereas the relative influence of bacterial cells (E4) was signifi-
cantly increased [(4CDFFB: P = 0.005), (4SB: P = 0.003)]. The opposite was observed in 
the more mature biofilm (10SB), with E1 showing significant increase (P = 0.009) and 
E4 considerable decrease (Fig. 6A). In line with the latter, NaOCl exerted a significant 
effect on bacterial viability only in the 10SB, where a significant decrease of viable cells 
(P = 0.037) combined with an unremarkable change in dead cells was noted (Fig. 6B, C). 
CHX-treated CDFF biofilms showed a marked increase in the influence of the E3 visco-
elastic component, as well as a significant increase in the EPS of the top layer  
(P = 0.01) (Fig. 6B, D). Furthermore, EDTA led to a significantly increased presence of 
dead cells in 4SB (P = 0.003), in combination with a significantly decreased presence 
of EPS (P = 0.008) (Fig. 6B, E). However, this did not yield significant changes in the 
overall viscoelasticity of this type biofilm. Notably, EDTA increased significantly the 
contribution of the E3 component (EPS) on the overall viscoelastic behaviour of the 
bacterial dense biofilm (4CDFFB) (P = 0.02) (Fig. 6A). 

Correlations between biofilm composition and viscoelastic elements

Finally, CLSM and LLCT data from all types of biofilms and irrigant treatments were 
pooled and submitted to Pearson’s correlation coefficient test statistics. The following 
significant general correlations emerged: 

% LIVE bacteria showed a significant positive correlation with E4 (r = 0.323, P = 0.01),
% DEAD bacteria showed no significant correlation with any of the components,
% EPS showed a significant negative correlation with E4 (r = -0.323, P = 0.01).

Discussion

This is the first time that the efficacy of various endodontic irrigants on removing 
biofilm have been shown to affect biofilm in a structure-dependent fashion. Bacterial 
dense biofilms, with lower water and EPS content were not removed effectively by a 
potent biocide, such as NaOCl, but had increased susceptibility to a chelating solution, 
such as EDTA. On the other hand, biofilms richer in water and EPS were more prone to 

Figure 6. Semi-log plot of 
(a) the relative magnitude 
of change in the stress 
relaxation and the 
viscoelastic elements of 
the remaining biofilms and 
(b) the relative magnitude 
of change in the live/
dead bacteria and EPS of 
the remaining biofilms, 
occurring after application 
of the endodontic irrigants 
and after adjusting for the 
buffer-induced changes 
(control group, represented 
by the green horizontal 
line in the bar graphs). 
Statistical significance is 
represented by * for P ≤ 0.05 
and † for P ≤ 0.01.  
(c-e) Representative images 
of biofilms imaged by 
CLSM (left panel: overview, 
right panel-bottom: cross-
section) and OCT (right 
panel-upper),  
(c) 10-day static biofilm 
after NaOCl treatment, 
where the absence of 
green staining denotes the 
removal of bacterial cells 
with an intact bacterial wall 
(live), (d) CDFF biofilm 
after CHX treatment, 
where the blue staining 
(EPS) predominates and 
(e) 4-day static biofilm after 
EDTA treatment, where 
the increased presence of 
red staining denotes the 
strong presence of bacterial 
cells with disrupted 
bacterial wall (dead) and 
the decreased presence 
of the blue staining the 
significant removal of EPS. 
Scale bar represents 250 
µm. 4CDFFB, 4-day CDFF 
biofilm; 4SB, 4-day static 
biofilm; 10SB, 10-day static 
biofilm. 
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NaOCl removal. A secondary finding was that CHX did not induce considerable biofilm 
reduction, but rather caused a re-arrangement of the biofilm structure. Furthermore, 
the age of the biofilm influenced the viscoelastic behavior of the remaining biofilms 
after the ‘’one-off’’ chemical attack with the irrigants and NaOCl changed significantly 
the viscoelastic pattern of younger biofilms.

Using LLCT and CLSM, differences in the architecture were demonstrated between the 
CDFF biofilms (high bacterial density and lower EPS content) and the statically grown 
biofilms (rich in bound water and EPS). These observations are also in accordance with 
the mode of biofilm growth in the CDFF apparatus. The continuous compaction by the 
polytetrafluoroethylene (Teflon) scrapers can account for the dense bacterial cell ar-
rangement within the biofilm as well as for the increased percentage of dead cells in the 
upper biofilm layer16,26. Moreover, in the aged statically grown biofilms, the influence of 
E2 and E3 components were significantly higher than in the younger static biofilms. This 
indicated both the presence of more viscous water molecules bound to the EPS struc-
ture as well as more viscous EPS material. Indeed, aged biofilms tend to have a more 
mature organization of their structure27. 

Besides structural differences between differently grown biofilms, resistant spots and 
layer stratification within the same biofilm can be present. Indeed, regions with high 
bacterial density, fluffy top layers and bacterial compacted basal layers have been 
described28,29. The biofilms used in this study were meant also to mimic the structure of 
multi-layered biofilms possibly found in the oral environment, with the CDFF biofilms 
representing the basal cell dense layer or resistant spots of an oral biofilm16 and the 
young static biofilms simulating the fluffier top layer.

Earlier studies on the viscoelastic behaviour of biofilms have identified three Maxwell 
elements. Water has been related to the fast occurring element, EPS material to the 
intermediate and bacterial cells to the slow appearing element15,16. This was based on the 
premise that water displacement (low viscosity component) and bacteria (high viscosity 
component) were correlated to a fast and slow reorganisation of the biofilm respective-
ly. Indeed, water re-arrangement was associated with a decay time of t < 3 s. However, 
in the present study two fast elements were needed to achieve the best curve fitting 
during the Maxwell element analysis within this fast decay time interval, thus leading 
to the acknowledgement of an extra fast component. Taking into consideration the 
structural similarities concerning viscoelasticity between biofilms and hydrogels, it is 
hereby argued that biofilms could be considered as hydrogels with an extra component, 
that is the bacterial cells. The two fast components can be explained by different water 
binding possibilities in the biofilm, namely, water physically entrapped in or water 
bound to the EPS structure. Therefore, a new division of the fast component is suggest-
ed in line with the description of hydrogels25:

• E1: fast moving water or ‘’free water’’, physically hampered by the EPS chains with 
no real cohesive or adhesive force,

• E2: relatively slow moving water or ‘’bound water’’, attached to polymer chains by 

hydration of polar functional groups (hydrogen bonds) or ion groups (electrostric-
tion) (cohesive or adhesive force),

• E3: EPS-related material, namely, the bulk material surrounding the bacterial cell, 
excluding the water component,

• E4: bacterial cells.

The hypothesis that E2 represents water content of the biofilm is further supported by 
its positive correlation with stress relaxation. With water being a prominent component 
of the biofilm structure, this is expected to exert major influence on the viscoelastic 
behaviour of the biofilm during deformation. However, the slower decay time of the 
E2 constant compared to E1 implies that this specific water component is bound to 
something that results in its decelerated displacement. Accepting that water can bind 
to polysaccharidic chains (non-covalent interactions), it seems logical to attribute the 
relatively fast E2 component to the EPS-bounded water. The strong negative correlation 
of E4 to stress relaxation indicates that the presence of a dense bacterial cell component 
in the biofilm hinders the re-organizational flow, firstly of water and then of EPS, that 
normally occurs upon stress dissipation on the viscoelastic biofilm. This explains the 
low stress relaxation and the decreased influence of the faster structural components 
(E1, E2 and E3) observed in the bacterial dense CDFF biofilms in our study.

Another interesting finding was that the percentage of dead cells, or more specifical-
ly, cells with no intact cell membrane, did not seem to influence the viscoelasticity of 
the biofilm, as this can be inferred by the absence of any correlation of the ‘’% DEAD’’ 
cells with the viscoelastic components. These cells probably lose their binding proper-
ties within the biofilm structure and hence, they do not contribute significantly to the 
biofilm viscoelastic behaviour. Only cells with an intact cell membrane show a positive 
correlation with the viscoelastic component E4,

 supporting that E4 is represented by the 
active bacterial cells in the biofilm.

A clear distinction between a disrupted and coherent layered biofilm was validated 
in this study. Acknowledgement of the presence of this disrupted layer is important 
to clarify the effect and the mode of action of an endodontic irrigant. The disrupted 
layer showed a general tendency to increase after application of all applied endodontic 
irrigants and it was easily dissociated from the rest of the biofilm after passaging of the 
sample through an air-liquid interface. This reveals that a chemical effect, other than 
biofilm dissolution (complete removal) occurs on the biofilm. Here, it is hypothesized 
that the biofilm undergoes structural alterations upon static application of a chemical 
solution before it dissolves completely. The fate of this disrupted layer and its clinical 
impact are currently unknown. Nonetheless, air bubble formation caused by the air-liq-
uid interface passaging30, was sufficient to disrupt the retention of the disrupted layer 
to the underlying biofilm. Therefore, from a clinical standpoint, it stands to reason to 
extrapolate that cavitation induced by active ultrasonic irrigation31 could play a role in 
the removal of this loosely attached biofilm layer.
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In terms of biofilm reduction, 2% NaOCl was more potent than CHX and EDTA, which 
is in line with findings from earlier publications32-34. Nevertheless, NaOCl had a signifi-
cantly weaker effect on the bacterial dense CDFF biofilms, compared to static biofilms. 
This indicates that bacterial dense biofilms or biofilm layers, such as the basal layer 
attached to the root canal walls or the compacted biofilms present within narrow canal 
ramifications, might not be so receptive to the chemical effects of NaOCl. Moreover, 
NaOCl caused significant changes to the structure of the CDFF remaining biofilms, 
resulting in even stiffer biofilms, as evidenced by the significant reduction of their stress 
relaxation. Biofilm stiffening has been associated with compromised shear stress-in-
duced biofilm removal35. Although this has yet to be demonstrated, this chemical 
‘’side-effect’’ of NaOCl application on bacterial dense biofilm could affect the additional 
cleaning achieved from the irrigant flow, where shear-stress forces are developed.

CHX did not seem to exert any significant effect both in terms of biofilm removal and 
bacterial killing. The present study showed a) minimal biofilm reduction of the CDFF 
cell rich biofilm caused by CHX treatment, b) considerable increase of the influence of 
the E3 component (EPS) of the post-CHX treated CDFF biofilm and c) an unremarkable 
change in the overall viscoelastic behaviour of the post-CHX treated CDFF biofilm. 
Earlier studies have reported on the refractory nature of defined biofilms to CHX36 and 
demonstrated that CHX is not effective in removing biofilm structure chemically33,37. Fur-
thermore, it has been shown that the flow of 1% CHX solution over a biofilm did not lead 
to chemical/mechanical biofilm removal38. Additionally, a decreased shear stress-induced 
biofilm removal has been attributed to biofilm “stiffening” caused by CHX35 and CHX has 
been described in the literature as causing ‘’ biofilm contraction’’39,40. In particular, Hope 
& Wilson39 hypothesised that biofilm contraction is related to the ionic interactions 
between the positively-charged CHX molecules and the negatively-charged extracellular 
polysaccharide (EPS) matrix that results in an internal collapse of the polymeric strands 
of the former. Alternatively, it could be also hypothesised that the structural re-arrange-
ment observed in the present study is the result of attractive forces between the EPS and 
the CHX, with the originally negatively-charged EPS relocating upwards, attracted by 
and bound to the positively-charged CHX. 

For the first time, via OCT-captured videos, a “structural shifting” of the biofilm during 
CHX application was clearly visualised. Furthermore, the significant increase of the 
EPS on the top layer and the increase of the influence of the E3 component (EPS) of the 
CDFF cell rich/water poor biofilms could be attributed to this “structural shifting” of the 
biofilm facilitated by the typical structure of that specific biofilm type. It is highly likely 
that the terms “collapse”, “stiffening” and “contraction” used in previous studies also 
represent biofilm a kind of “structural shifting”. This structural re-arrangement is argu-
ably inextricably linked to the type of micro-organisms and the matrix of the biofilm. 
In addition, the absence of any considerable biofilm height decrease, could be the result 
of the application time of CHX as well as the bacterial species and/ or biofilm matrix 
composition used in the present study. However, the inferior biofilm removal capacity 
of the CHX, as well as the observed CHX-induced structural shift raise questions with 
regard to the gained benefits from the use of CHX in root canal treatment. Furthermore, 

the possibility of ‘’real-time’’ imaging emerges as promising tool for studying the mech-
anism of action of chemical solutions against biofilms. More information with regard to 
the biofilm structure and viscoelastic properties is embodied in the OCT data, but further 
research is needed for a better understanding and interpretation of the acquired images.

EDTA exhibited an increased efficacy in biomass reduction, especially in the bacterial 
dense CDFF biofilms. In line with the present findings, it has been demonstrated that 
EDTA is an effective ‘’anti-biofilm’’ solution, causing biofilm dispersal41, especially in 
the dense inner regions of the so-called ‘’mushroom-like structures’’ of the gram-neg-
ative P. aeruginosa42. In the present study, EDTA was quite effective against bacterial 
dense biofilms consisting of gram-positive bacteria. Interestingly, EDTA is known to 
disrupt the outer membrane of gram-negative bacteria43, without exerting any direct 
actions on gram-positive bacteria. The cell wall of gram-positive bacteria presents 
with increased binding sites for divalent cations, such as calcium and magnesium44, 
while these cations seem to be present in the EPS providing structural stabilization45. 
Therefore, the presence of divalent cations acts as the intermediate ‘’cementing’’ agent 
between the bacteria and the EPS, hence maintaining a stable biofilm architecture. 
However, EDTA is a chelator, able to loosen calcium or other metal ions bound in the 
biofilm matrix46, and thus able to affect the biofilm structure. Also, EDTA promotes 
biofilm detachment and can diffuse throughout the biofilm41,47. A significant increase in 
the relative importance of the EPS-related material (E3) was found after application of 
EDTA on the initially cell-rich but EPS-poor biofilms. This further supports the ‘’de-ce-
menting’’ action of EDTA on the biofilm architecture, which results in EPS destabili-
zation from the biofilm structure, leading thereby to the increasing influence of EPS 
on the viscoelastic properties that we observed. Also, in the younger EPS-rich biofilms 
(4SB), application of EDTA led to a decrease in the EPS and an increased bacterial cell 
death. Decreased EPS and reduction in viable bacteria were also shown in a study using 
the P. aeruginosa biofilm model45.

This study was designed to assess the chemical efficacy of root canal irrigants against 
biofilms with different structure. Therefore, actions that would have resulted in mecha-
nical biofilm disruption and/or removal of the biofilm prior to the static application of 
the biocides, such as mechanical instrumentation and irrigant flow, were not incorpo-
rated in this methodological protocol. This, by no means, downgrades the role of root 
canal instrumentation in controlling root canal infection. The mechanical action is 
effective in eradicating biofilms, either by removing them completely (adhesive biofilm 
failure) or by disrupting the biofilm architecture (cohesive biofilm failure), thus rende-
ring the biofilm components more accessible to the biocides. Arguably, it is expected 
that the effect of the employed biocides on previously mechanically agitated biofilms 
would be different in the present study, especially due to the mechanically-induced 
disorganization of the biofilm structure. However, the root canal anatomy-driven 
inability of instruments to debride the entire root canal system48 justifies the need for 
devising effective irrigation regimes against possibly intact biofilms. In that aspect, 
the findings of this study are relevant, providing some insights on factors (i.e., biofilm 
structure) that influence the chemical anti-biofilm capacity of root canal irrigants.     
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Conclusions

The structure of a biofilm is an influential factor of the chemical efficacy on endodontic 
irrigants. This emphasizes the need for taking this aspect into consideration, when the 
biofilm removal capacity of endodontic irrigants is assessed. Additionally, single out-
come measures are not sufficient to monitor the complex processes taking place within 
the biofilm structure. Therefore, more assessment tools should be combined to reveal the 
full spectrum of the action of any biocide, especially in view of the many limitations as-
sociated with the CLSM. The use of CHX in root canal treatment should be re-visited. On 
the contrary, the use of NaOCl for biofilm removal is highly encouraged, while EDTA 
seems to have a significant adjunctive role.
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Supplemental information

Supplemental video 

Re-arrangement of the structure of a 4-day CDFF dual-species S. oralis J22/A. naeslundii 
T14V-J1 biofilm after application of 2% chlorhexidine (CHX) at a flow rate 2.5ml/min in a 
parallel plate flow chamber.

This video contains a real-time screen capture (playback is speed-up 500x) of CHX-induced 
structural re-arrangement (so-called ‘’contraction’’) of a 4-day CDFF dual-species S. oralis 
J22/A. naeslundii T14V-J1 biofilm. 

Panel A (top) shows the CDFF biofilm as it re-arranges (‘’contracts’’) over time. The 
corresponding graph represents a vertical grey-level scan (top to bottom) of the region of 
interest (yellow box). It shows the increase in grey-level pixel density, which is highlighted 
as an increase of the slope in the line). The density increase can be seen in the video as an 
increase in the “white level” of the biofilm (“whiter” pixels denote more returning signal 
indicating more deflection and scattering in the biofilm). 

Panel B represents the same biofilm as it re-arranges (‘’contracts’’) over time, but as a shadow 
(black). The visible grey band on the top of the biofilm, illustrates the magnitude of the 
contraction induced by 2% CHX. The corresponding graph represents a vertical grey-level 
scan (top to bottom) of the region of interest (yellow box). The magnitude of the biofilm 
contraction becomes perceptible from the increasing width of the observed peak of the line.

*(1 pixel represents 0.909 µm)

To see the video click the box below
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Abstract

Aim 

To study the influence of time and volume of 2% sodium hypochlorite solution (NaOCl) 
applied on biofilm removal and investigate the changes induced on the biofilm architec-
ture. Steady-state, dual-species biofilms of standardised thickness and a realistic contact 
surface area between biofilms and NaOCl were used.

Methodology 

Streptococcus oralis J22 and Actinomyces naeslundii T14V-J1 biofilms were grown on 
saliva-coated hydroxyapatite discs within sample holders in the constant depth film 
fermenter (CDFF) for 96 h. Two percent NaOCl was statically applied for three different 
time intervals (60, 120 and 300 s) and in two different volumes (20 and 40 μl) over the 
biofilm samples. The diffusion-driven effects of time and volume on biofilm disruption 
and dissolution were assessed with optical coherence tomography (OCT). Structural 
changes of the biofilms treated with 2% NaOCl were studied with confocal laser scan-
ning microscopy (CLSM) and low load compression testing (LLCT). A two-way analysis 
of variance (ANOVA) was performed, enabling the effect of each independent variable 
as well as their interaction on the outcome measures.

Results 

OCT showed that by increasing the exposure time and volume of 2% NaOCl applied, 
both biofilm disruption and dissolution significantly increased. Analysis of the interac-
tion between the two independent variables revealed that by increasing the volume of 
2% NaOCl applied, significant biofilm dissolution could be achieved in less time. Exam-
ination of the architecture of the remaining biofilms corroborated the EPS-lytic action 
of 2% NaOCl, especially when higher volumes were applied. The viscoelastic analysis 
of the 2% NaOCl-treated biofilms revealed that the preceding application of higher 
volumes could impact their subsequent removal.

Conclusions 

Time and volume of 2% NaOCl applied should be taken into account for maximizing the 
anti-biofilm efficiency of the irrigant and devising targeted disinfecting regimes against 
remaining biofilms.

Introduction

The oxidizing properties and reactivity of sodium hypochlorite (NaOCl) with organic 
matter account for its antibacterial and dissolving effect1,2, hence rendering it a suitable 
anti-biofilm root canal irrigant3,4. The factors that affect the reactivity and subsequent 
dissolving capacity (chemical efficacy) of NaOCl have been primarily investigated on 
pulp tissue samples, artificial organic films and dentine5-13. This makes extrapolation of 
these findings on biofilm dissolution precarious. 

A few studies investigating the effect of application time on the anti-biofilm capacity of 
NaOCl have yielded interesting results. It has been suggested that the time-dependent 
effectiveness of NaOCl should be evaluated in relation to the bacterial species compris-
ing the biofilm14,15. Moreover, despite the tendency for enhanced anti-biofilm capacity of 
NaOCl with increasing application time, it seems that biofilm maturity is a factor that 
could modify this observed trend16-19. Therefore, using clinically relevant multi-species 
biofilms of standardised composition and maturity is required when the anti-biofilm 
efficacy of NaOCl is investigated. 

For that purpose, clinical isolates of Streptococcus oralis (S. oralis) and Actinomyces 
naeslundii (A. naeslundii) species were used for the development of steady-state, du-
al-species biofilms in the present study. Both bacterial species are frequently associated 
with persistent endodontic infections20, while Actinomyces naeslundii is often implicat-
ed in extra-radicular infections as well21. Furthermore, they are known for their capacity 
to co-aggregate and co-adhere, forming robust biofilms with defined viscoelastic prop-
erties, especially when grown in a constant depth film fermenter (CDFF)22-24. Finally, 
the CDFF ensures that the biofilms will reach a standardised thickness and steady-state 
level of maturity25, which are important parameters for the establishment of the biofilm 
model. 

The volume of NaOCl applied determines the ‘’reservoir’’ of the available reactive 
NaOCl components and thereby, influences the chemical potency of NaOCl and its 
subsequent anti-biofilm capacity. Nevertheless, there are only a limited number of stud-
ies investigating the effect of NaOCl volume on its chemical efficacy. Increased NaOCl 
volume has been associated with increased dissolution of an artificial organic film from 
root canals submitted to a constant and continuous flow rate9. On the contrary, the vol-
ume of NaOCl applied had no effect on the chemical dissolving capacity when NaOCl 
was delivered statically on multi-species biofilms26. These contradictory results warrant 
further investigation, especially under conditions such as those met in the limited ana-
tomical space of the root canal system, where diffusion is the principle mediator of the 
associated chemical events27. 

A compromised chemical efficacy of NaOCl will result in inferior biofilm removal.  
The sub-optimal anti-biofilm effect of hypochlorite-based formulations has been 
demonstrated28,29. Moreover, clinical studies showing incomplete biofilm removal fol-
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lowing disinfection of complex root canal systems provide additional evidence on the 
compromised effectiveness of NaOCl to promote biofilm eradication30,31. The remaining 
biofilm, given the appropriate time and conditions can re-develop32-35, thereby con-
tributing to disease persistence36. Collecting information about the architecture of the 
remaining biofilm could arguably aid in the development of more effective removal 
regimes37.

The primary objective of this study was to evaluate the influence of application time 
and irrigant volume on the anti-biofilm efficacy of 2% NaOCl solution against steady-
state dual-species biofilms of standardised thickness grown with the CDFF. Three clin-
ical factors were taken into consideration with regard to the 2% NaOCl concentration 
used, namely: the lack of universal consensus among clinicians performing root canal 
treatments, a cost/benefit ratio analysis of using high concentration NaOCl (lack of evi-
dence-based association between high NaOCl concentrations and treatment outcomes, 
realistic possibility of severe procedural mishaps) and the documented geographical 
trend towards the use of intermediate NaOCl concentrations in Europe38,39 in contrast to 
the use of high NaOCl concentrations (>5%) in the United States40,41. Optical coherence 
tomography (OCT) was used for the assessment of the anti-biofilm efficacy of NaOCl; 
biofilm dissolution and disruption were the outcome measures. The secondary objective 
was to investigate the influence of application time and irrigant volume on the architec-
ture of 2% NaOCl-treated biofilms. Structural changes on the architecture of the remain-
ing biofilms were assessed by quantifying stained biofilm components with confocal 
laser scanning microscopy (CLSM) and by quantifying changes in biofilm viscoelastic-
ity with low load compression testing (LLCT). By using a realistic contact surface area 
between the biofilm substrate and the 2% NaOCl solution and omitting convection, 
only the diffusion-induced chemical effects were investigated. 

Materials and Methods

Biofilm formation

A constant depth film fermenter (CDFF) was equipped with 15 sample holders. One 
holder included 5 saliva-coated hydroxyapatite (HA) discs of 5 µm diameter each42.  
The HA discs were recessed to a depth of 250 μm within the holders in order to allow 
the growth of biofilms of standardised thickness. For saliva coating, freeze-dried whole 
saliva collected from at least 20 healthy volunteers of both genders. Saliva collection 
was performed in agreement with the guidelines set out by the Medical Ethical Com-
mittee at the University Medical Center Groningen, Groningen, The Netherlands (ap-
proval letter 06-02-2009). The lyophilised saliva was dissolved in 30 mL adhesion buffer 
(1.5 g/L), stirred for 2 h and centrifuged at 15,000 ×g, 10°C for 5 min. The HA discs were 
exposed to the reconstituted saliva for 14 h at 4°C under static conditions. 

With regard to the bacterial composition of the biofilms used, the clinical isolates S. ora-
lis J22 and A. naeslundii T14V-J1 were grown as described previously24. The bacteria were 
streaked on blood agar plates, and a single colony was used to inoculate 10 mL modified 
brain heart infusion broth (37.0 g/L BHI, 1.0 g/L yeast extract, 0.02 g/L NaOH, 0.001 g/L 
Vitamin K1, 5 mg/L L-cysteine-HCl, pH 7.3) (BHI, Oxoid Ltd., Basingstoke, Hampshire, 
UK). Subsequently, S. oralis J22 were cultured at 37°C for 24 h in ambient air and A. 
naeslundii T14V-J1 were cultured at 37°C for 48 h in an anaerobic chamber (pre-cultures).

Pre-cultures were used to inoculate 50 mL modified BHI (1:20 dilution) and grown 
for 16 h (main cultures). Bacteria were harvested by centrifugal force (6,350 ×g) and 
washed twice in sterile adhesion buffer (0.147 g/L CaCl2, 0.174 g/L K2HPO4, 0.136 g/L 
KH2PO4, 3.728 g/L KCl in sterile demineralized water, pH 6.8). The bacterial pellets 
were suspended in 10 mL sterile adhesion buffer and sonicated intermittently in ice-wa-
ter for 3 × 10 s at 30 W (Vibra cell model 375, Sonics and Materials Inc., Newtown, CT, 
USA) to break bacterial chains. Bacteria were counted in a Bürker-Türk counting cham-
ber (Marienfeld-Superior, Germany) to determine the concentration. The mono-suspen-
sions were diluted in sterile adhesion buffer to prepare a dual-species bacterial suspen-
sion of a concentration of 6 × 108 bacteria/mL for S. oralis J22 and 2 × 108 bacteria/mL for 
A. naeslundii T14V-J1. Following, 100 mL of the suspension was introduced dropwise 
in the CDFF over 1 h, while the CDFF table with the holders was kept in constant slow 
rotation. Subsequently, the rotation was stopped for 30 min to allow for the bacteria to 
adhere to the HA substrate. Finally, rotation was resumed, and the biofilms were grown 
for 96 h at 37°C under continuous supply of modified BHI with a rate of 45 mL/h.

Static application of 2% NaOCl using different volumes and for different time intervals

The biofilms were challenged with static application of 2% NaOCl (Sigma-Aldrich, The 
Netherlands) in order to evaluate only the diffusion-induced chemical effect. Volumes of 
20- or 40 μL were gently pipetted over the biofilm samples and left undisturbed for 60-, 
120- or 300 s. To ensure the proper concentration of the NaOCl, a thiosulfate titration 
assay was performed before every experiment. After treatment application, NaOCl was 
neutralised by gently pipetting 4.23% sodium thiosulfate solution (Na2S2O3, Sigma-Al-
drich, The Netherlands) over the biofilm samples. 

Optical coherence tomography (OCT)

Biofilm evaluation with OCT was carried out before and after treatment with 2% 
NaOCl. The biofilms were kept in a volumetric jar with adhesion buffer. Real time 2D 
cross-sections of the biofilm were acquired with an OCT scanner (Thorlabs, Newton, 
New Jersey, USA) using a field of view (FOV) size of 45 mm, refraction index of 1.33, and 
processed with ThorImage OCT software (Thorlabs, Newton, New Jersey, USA). 
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To increase the reproducibility of the image analysis, an open source image analysis 
software (Fiji, https://imagej.net/Fiji) was used to calculate the distance in every column 
of pixels between the substrate and top of the biofilm (4,500 rows of pixels). To improve 
the accuracy of the data, an image analysis to manage different thresholds in one image 
was selected43,44. This resulted in the identification of different layers in the biofilm. The 
layer exhibiting the lower greyscale pixel intensity became easily detached from the 
underlying biofilm just by passing the biofilm through an air-liquid interface and was 
assigned to the term “disrupted layer”. The layer with the higher greyscale pixel inten-
sity remained relatively undisturbed while attached to the substrate and was assigned 
to the term “coherent layer” (Fig. 1). Biofilm dissolution and biofilm disruption were 
chosen as outcome measures. For biofilm dissolution, the percent reduction of the co-
herent layer (thereof also called “percent biofilm reduction”) was calculated based on the 
pre- and post-treatment OCT height measurements of the coherent layer. For biofilm 
disruption, the percent increase of the disrupted layer was calculated based on the pre- 
and post-treatment OCT height measurements of the disrupted biofilm layer.

record a stack of images from two different randomly selected locations on each biofilm 
with an 8 × 40 mm water objective lens, with 1024 x 1024 pixels. Image analysis was 
performed with the COMSTAT software, and the ratio of red (dead bacteria), green (live 
bacteria), blue (EPS) to the total biovolume was calculated45. This was expressed as the 
relative percentage of each stained component (live bacteria: green, dead bacteria: red, 
EPS: blue) to the total biomass (total bacteria and EPS).

Low load compression testing (LLCT)

The viscoelastic properties of the biofilms were determined by performing stress 
relaxation measurements on the low load compression tester23,24,46,47. The biofilms were 
compressed to a deformation of 20% in 1 s which was then held constant for 100 s. The 
relaxation was monitored over time and normalized over the cross-sectional area of the 
plunger to calculate the induced stress. The percentage change in induced stress occur-
ring within 100 s from its initial value was termed the percentage stress relaxation (R). 
Measured relaxation curves for each biofilm were modelled using a generalized Max-
well model. E(t) represents the total stress exerted by the biofilm, which decreases with 
time, divided by the imposed constant strain of 0.2. Measured E(t) is modelled as the 
sum of four Maxwell elements, with a spring constant Ei, and characteristic relaxation 
time constant, ti (Fig. 2). The relative importance of each element was expressed as the 
percentage of its spring constant to the sum of the spring constants of all elements at 0 
s, i.e. before relaxation starts. Allocating each Maxwell element, based on its relaxation 
time constant, to a specific biofilm component allowed for quantification of the con-
tribution of each component to the overall biofilm viscoelasticity24. Samples were kept 
submerged in buffer during measurements, and due to the sensitivity of the weigh and 
to duration of the measurements (100 s), a correction for water evaporation was applied.

Statistical analysis

Statistical analysis was carried out using SPSS software (version 23.0, IBM Corp., 
Armonk, New York, USA). A two-way analysis of variance (ANOVA) was performed. 
“Time” and “Volume” were the two independent variables. Tukey HSD post-hoc tests 
were performed to analyse the effect of “Time” (3-level independent variable) on the 
outcome measures. Further analysis of the interaction between the two independent 
variables (“Time” × “Volume”) was carried out through simple effect analysis (SPPS 
Syntax). Data is expressed as mean ± standard deviation (SD). The level of statistical 
significance was set at a < 0.05.

Figure 1. Multilevel grayscale thresholding from a representative 2% NaOCl-treated CDFF biofilm. 
Identification of different biofilm layers imaged with the OCT. The degree of coherence of each 
layer was correlated to its corresponding grayscale level. (a) Original image of biofilm acquired 
with OCT, split after multilevel thresholding in (b) Coherent layer (higher grayscale level pixel 
intensity) and (c) Disrupted layer (lower grayscale level pixel intensity) (scale bar: 250 μm). 

a)

b)

c)

Confocal laser scanning microscopy (CLSM)

Biofilms were stained with live/dead stain (BacLight™, Invitrogen, Breda, The Nether-
lands) in a ratio of 1:3 for 20 min and with calcofluor white to stain the EPS (20 μL/mL, 
3.8 mM) for 10 min. After removal of the staining, biofilms were submerged in 15 mL 
adhesion buffer and kept protected from light until imaging. A confocal laser micro-
scope (Leica TCSSP2, Leica Microsystems GmbH, Heidelberg, Germany) was used to 
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Results

Anti-biofilm efficacy of 2% NaOCl
Biofilm dissolution (percent reduction of coherent layer)

The main effect of “Time” was statistically significant (P = 0.001), meaning that when 
“Volume” was not taken into account in the 2-way ANOVA, the results showed that 
increasing time resulted in the reduction of the coherent biofilm layer; 300 s exposure 
to 2% NaOCl led to significantly more biofilm removal compared to 60 s (P < 0.001) and 
120 s (P = 0.003) (Table 1). The main effect of “Volume” was statistically significant (P 
= 0.008), meaning that when “Time” was not taken into account in the 2-way ANOVA, 
the results showed that 40 μl resulted in significantly more biofilm removal compared 
to the 20 μl (Table 1). The interaction between “Time” and “Volume” reached an almost 
statistically significant value in the 2-way ANOVA (P = 0.075), and therefore simple 
effect analysis was considered necessary for exploring the influence of each level from 
the two independent variables on biofilm dissolution. According to this, upon appli-
cation of a smaller volume (20 μl), no significant difference in biofilm removal was 
observed between the low and intermediate application times (60- and 120 s), but the 
biofilm coherent layer was significantly reduced when time increased (300 s) (P < 0.01). 
Upon higher volume application (40 μl), no significant difference in biofilm removal 
was recorded between the intermediate and higher application times (120- and 300 
s), but both exposure times induced a significant biofilm reduction compared to the 

low exposure time (60 s) (P < 0.05). In the low and high exposure times (60- and 300 
s), changes in the volume of 2% NaOCl applied did not lead to significant differences 
in biofilm removal. However, in the intermediate exposure time (120 s), the coherent 
biofilm layer was significantly reduced when the biofilm was exposed to 40 μl compared 
to 20 μl 2% NaOCl (P = 0.001) (Fig. 3).
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Biofilm disruption (percent increase of disrupted layer)

The main effect of “Time” was statistically significant (P = 0.001), meaning that when 
“Volume” was not taken into account in the 2-way ANOVA, the results showed that 
increasing time resulted in increasing biofilm disrupted layer; 300 s exposure to 2% 
NaOCl led to significantly more biofilm disruption compared to 60 s (P < 0.001) and 120 
s (P = 0.015) (Table 1). The main effect of “Volume” was statistically significant (two-
way ANOVA, P = 0.002), meaning that when “Time” was not taken into account in the 
2-way ANOVA, the results showed that the higher volume of 40 μl 2% NaOCl resulted 
in significantly more biofilm disruption compared to the lower volume of 20 μl (Table 
1). No significant interaction between “Time” and “Volume” was noted (P = 0.143), and 
thereby no further simple effect analysis was performed.

Figure 3. Time- and volume- dependent biofilm dissolution upon statical exposure of CDFF 
biofilms (limited surface contact area) to 2% NaOCl. Percentage biofilm reduction (as expressed 
through the % decrease biofilm coherent layer) is presented and compared across all levels of 
the two independent variables (“Time” x “Volume”). Values are presented as mean and standard 
deviation (SD). Statistical significance is indicated by * for P ≤ 0.05 and † for P ≤ 0.01.

Figure 2. Representation of viscoelastic model for biofilms (modified from He et al. 2013).  
(a) Deformation curve consisting of applied stress (Pa) until t0 and relaxation over time (s).  
(b) Schematic presentation of the generalized Maxwell model, comprised of spring constant Ei, 
viscosity ƞi.

(a) (b)
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Table 1. Mean and standard deviation (SD) of biofilm dissolution (percent reduction coherent lay-
er) and biofilm disruption (percent increase disrupted layer) after static exposure of CDFF biofilms 
to 2% NaOCl for variable time periods and application volumes.

“Time”
(P = 
0.001)*

s % reduction coherent layer % increase disrupted layer s “Time”
(P = 0.001)*mean SD P-value mean SD P-value

60 16.5 41.8 < 0.001** 25.3 24.1 < 0.001** 60

120 34.5 46.4 0.003** 44.8 33.7 0.015** 120

300 81.3 24.0 - 72.6 25.3 - 300

“Volume”
(P = 
0.008)*

μl % reduction coherent layer % increase disrupted layer μl “Volume”
(P = 0.002)*mean SD P-value mean SD P-value

20 22.1 41.4 - 30.2 27.0 - 20

40 65.7 41.5 0.008*** 65.1 30.8 0.002*** 40

*significant difference yielded from main effect analysis of each independent variable (two-way 
ANOVA)
**significant difference when compared to 300 s (Tukey HSD post-hoc test)

***significant difference when compared to 20 μl (two-way ANOVA)

Changes in the architecture of the remaining biofilms
Confocal laser scanning microscopy

“Time” × “Volume” interaction did not yield any statistical significance, thereby leaving 
only the main effects of “Time” and “Volume” separately for further interpretation.  
The main effect of “Time” reached statistical significance for the dead bacteria (P =0.05) 
in the 2-way ANOVA. As time was increasing, less dead bacteria were present, with the 
highest exposure time (300 s) resulting in significantly less dead bacteria within the 
biomass compared to lowest exposure time (60 s) (Fig. 4a). The main effect of “Volume” 
reached statistical significance for the live bacteria (P = 0.004) and EPS (P = 0.003) 
in the 2-way ANOVA. Forty microliters of 2% NaOCl resulted in significantly higher 
percentage live bacteria, compared to the 20 μl (P = 0.004). Also, 40 μl resulted in sig-
nificantly less percentage EPS within the remaining biomass compared to the 20 μl (P = 
0.003) (Fig. 4b). Representative CLSM images are shown (Fig. 5).

Low load compression testing

Based on previous findings, each Maxwell element was allocated to a specific biofilm 
structural component. Accordingly, E1 (t1 < 0.5 s) was associated with free water, E2 
(0.5 < t2 < 3 s) with bound water, E3 (3 < t3 < 100 s) with EPS and E4 (100 s < t4) with 
bacteria24. The effects of “Time”, “Volume” and “Time × Volume” on the percentage 
stress relaxation and on the percentage contribution of each biofilm component to the 
overall biofilm viscoelasticity were assessed. “Time × Volume” interaction did not yield 
any statistical significance. Also, the main effect of “Time” did not yield any statistical 

Figure 4. Confocal Laser Scanning Microscopy (CLSM) quantification of stained biofilm 
components. Time- and volume- dependent changes in the amount of live and dead bacteria, and 
extracellular polymeric substances (EPS) relative to the total biomass upon statical exposure of 
CDFF biofilms (limited surface contact area) to 2% NaOCl. Two-way ANOVA main effects of  
(a) “Time” and (b) “Volume”, on percentage relative amount of stained biofilm components (green: 
live bacteria, red: dead bacteria, blue: EPS) to the total biomass. Values are presented as mean and 
standard deviation (SD). Statistical significance is indicated by * for P ≤ 0.05 and † for P ≤ 0.01. 
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significance, thereby leaving only the main effect of “Volume” for further interpreta-
tion. The main effect of “Volume” was statistically significant for the stress relaxation 
(P = 0.003), for the relative importance of free water (P = 0.01) and bacteria (P = 0.008) 
(Fig. 6). Forty microliters of 2% NaOCl resulted in significantly higher stress relaxation 
(mean = 64.3, SD = 16.2) compared to the 20 μl (mean = 44.5, SD =20.6) (P = 0.003). Also, 
40 μl resulted in a significantly higher relative importance of free water (mean = 44.2, SD 
= 18.2) (P = 0.01) and a significantly lower importance of bacteria (mean = 35.2, SD = 16.3) 
(P = 0.008) compared to the 20 μl (mean = 26.8, SD = 16.3 for free water and mean = 
53.4, SD = 21.2 for bacteria) (Fig. 6). The importance of EPS and bound water remained 
more or less unaffected. 
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Figure 5. Representative Confocal Laser Scanning Microscopy (CLSM) overview micrographs 
after static application of 2% NaOCl solution on CDFF biofilms for different time periods and of 
different volumes. (a-c) CLSM micrographs from the different exposure times. A considerably 
high presence of dead bacteria (red stain) is visualized after 60 s treatment with 2% NaOCl (a), 
whereas almost complete absence of dead bacteria and possible biofilm “highly resistant spots” 
persisting even after prolonged treatment are visualized after 300 s treatment (c). No remarkable 
differences are visualized after 2% NaOCl treatment in the amount of EPS material (blue stain) 
and live bacteria (green stain) among the three “Time” groups. (d,e) CLSM micrographs from the 
different application volumes. A considerably lower presence of live bacteria (green stain) and 
higher presence of EPS material (blue stain) is visualized after application of 20 μl of 2% NaOCl (d) 
compared to the 40 μl (e), where considerably more live bacteria (green) are also observed.  

Figure 6. Viscoelastic analysis of CDFF biofilms after exposure to different volumes of 2% NaOCl. 
The bar graph shows the effect of NaOCl volume (20 and 40 μl) on percentage biofilm stress 
relaxation after the 20% instantaneous constant deformation of the NaOCl-treated biofilms 
(remaining biofilms). Statistical significance is indicated by † for P ≤ 0.01. The pie charts show the 
results from the stress relaxation curve fitting analysis with a generalized Maxwell viscoelasticity 
model. Analysis yielded differences between specific viscoelastic elements when different volumes 
of 2% NaOCl were applied (20 and 40 μl). By allocating each viscoelastic element (E1, E2, E3 and 
E4) to respective biofilm components (free water, bound water, extracellular polymeric substances-
EPS and bacteria), the percentage contribution of each component on the overall viscoelastic 
behavior of the remaining biofilms was calculated. The contribution of bacteria (depicted in orange 
color) and free water (depicted in light blue color) differed statistically significant for the two 
different volumes. Statistical significance is indicated by † for P ≤ 0.01.
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Discussion

Generally, in vitro models often show complete biofilm dissolution after static applica-
tion of NaOCl over biofilm samples. Interestingly, this outstanding anti-biofilm capacity 
of NaOCl is not replicable in the clinical practice30,31, even though the augmenting effect 
of irrigant flow during irrigation would be expected to enhance biofilm removal. The 
physical constraints posed by the intricate root canal anatomy and the modifying effect 
of the dentine substrate on the potency of root canal medicaments48 are held accountable 
for this discrepancy. However, methodological- and biofilm-related factors may also con-
tribute to the lack of consistency between the in vitro and in vivo effectiveness of NaOCl. 

The anti-biofilm efficacy of NaOCl is mostly tested against single-species biofilms of 
different age and unknown structure. The samples are often grown on various substrates 
and under conditions which bear minor resemblance to the clinical setting49. However, 
biofilm growth substrate3, biofilm age19, biofilm species composition15 and biofilm struc-
ture24 are all factors that influence the response of biofilms to the applied biocides. In 
particular, a recent study has demonstrated that steady-state, dual-species, gram-positive 
biofilms, grown on saliva-coated hydroxyapatite discs, showed dense bacterial presence 
and low content in extracellular polymeric substances (EPS) and were less prone in 2% 
NaOCl-mediated dissolution24. Based on these findings, similar biofilms were developed 
in the present study in order to test factors affecting the chemical efficacy of 2% NaOCl. 

From a methodological standpoint, it has to be noted that saliva lyophilisation does not 
guarantee sterilization. However, prior to freeze-drying, the saliva was centrifuged twice 
to remove any micro-sized debris, including bacterial cells. This ensures a considerably 
decreased remaining bacterial load. After salivary protein adsorption, the surface of the 
HA discs was inoculated with a large number of S. oralis and A. naeslundii bacterial cells, 
which are eventually expected to overwhelm any remaining saliva-derived bacterial cells 
present. Therefore, no growth of and interference from extraneous bacterial species has 
been observed in these dual-species CDFF biofilms23,24. Finally, the importance of saliva 
conditioning in the co-adhesion of the particular bacterial species used in this study has 
been already demonstrated50.

The concept of limited surface contact was also taken into consideration. In the majority 
of relevant studies, biofilm samples are fully immersed in an excess of a given biocide. 
This deviates considerably from the actual irrigant application. Within the confined 
space of the root canal, only limited contact between a small volume of NaOCl and the 
biofilm takes place. This study was set up to investigate the diffusion-driven chemical 
efficiency and efficacy of 2% NaOCl. Therefore, the limitations related to the “one-off” 
NaOCl application and the lack of irrigant flow should be acknowledged. This static 
mode of NaOCl application does not allow for any added benefits from the repeated 
irrigant supply and convection to build up and consequently be investigated. Howev-
er, these limitations could be circumvented in future studies with the use of OCT, as 
multiple assessments on the same biofilm sample51 and “real-time” evaluation flow cell 

systems are feasible52. Overall, this study has accounted for methodological- and biofilm- 
related considerations in an attempt to standardise the in vitro conditions and test the 
chemical efficacy of 2% NaOCl under potentially harsh clinical conditions. 

The application of 2% NaOCl resulted in a dual action on the tested biofilms, as this 
was revealed by the OCT. In agreement with the notion that a single outcome measure 
may be insufficient to demonstrate the action of a given biocide against biofilms15, two 
outcome measures for biofilm evaluation were used in this study. This was based on the 
clear distinction between a coherent and disrupted biofilm layer24, thus enabling the 
quantification of biofilm dissolution and disruption. Although biofilm disruption and 
dissolution upon exposure of the biofilms to chemical solutions take place simultane-
ously, these two processes should be examined separately. Biofilm disruption arguably 
represents an intermediate stage before biofilm dissolution occurs, which leads to an 
easily detachable superficial biofilm layer. Visualization and subsequent quantification 
of the disrupted biofilm layer makes it possible to evaluate a chemical effect other than 
dissolution, which may reflect the structural alterations that the biofilm undergoes after 
the application of a potent reactant such as NaOCl. 

By increasing the time of exposure, the disrupted layer showed a tendency to increase. 
Interestingly, no significant change was detected between the low and intermediate 
time intervals (60 and 120 s), while significant disruption was noted with a considerable 
increase in the exposure time (300 s). This indicates that 2% NaOCl shows a progressive 
and time-dependent reaction with the underlying organic substrate that becomes sub-
stantial only after a given time interval is surpassed. Whether this effect “plateaus” after 
a specific period of time warrants further investigation. 

An increase in the applied volume caused a significant increase in biofilm disruption (a 
two-fold volume increase resulted in an almost two-fold biofilm disruption). Although 
further investigation is again needed to reveal whether a “volume plateau” exists, this 
finding clearly shows how volume affects the chemical efficacy of 2% NaOCl when tested 
against a limited and standardised surface area. From a clinical point of view, this high-
lights the importance of providing the root canal system with a larger “NaOCl reservoir” 
in order to enhance the reactivity of the specific irrigant when it comes in limited contact 
with the underlying biofilm. With regard to the clinical significance of the disrupted 
layer, this has yet to be elucidated. 

The biological significance of the passive “biofilm dispersal”53 that possibly occurs due 
to detachable nature of this layer is currently unknown. Passing the biofilms through an 
air-liquid interface is sufficient to induce detachment of the superficial chemically-affect-
ed biofilm layer. This implies that subsequent physical shear forces developed through 
convection current (irrigant flow) should be adequate to remove it completely. However, 
the possibilities that disrupted biofilm residues that are not adequately removed adhere 
to another surface and re-colonize areas of the root canal or re-cohere to any remaining 
biofilm cannot be excluded. Arguably, this hinders the task of biofilm elimination and 
allows for biofilm re-development, with a potentially adverse effect on the resolution of 
the periapical disease.
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Acknowledging biofilm dissolution as the primary aim of root canal disinfection, 
investigating the factors that mediate this event is of utmost importance. In line with 
the previous results regarding the impact of time and volume on biofilm disruption, the 
main effects of these two parameters on biofilm dissolution (coherent biofilm layer) fol-
lowed the same trend. However, a further analysis of the interaction between these two 
independent variables yielded findings with potential clinical relevance.

Upon application of a smaller volume of 2% NaOCl (20 μl), significant biofilm remov-
al was observed only in the maximum exposure time (300 s). However, when a larger 
volume was applied (40 μl), then significant biofilm dissolution was recorded at a rela-
tively shorter exposure time (120 s). Eventually, this difference ceased to exist when the 
maximum exposure time was reached. This shows that a fine balance between irrigation 
time and volume exists, as by simply increasing the applied volume of 2% NaOCl, greater 
biofilm removal can be achieved in less time. As a clinical consequence of this compen-
sating equilibrium, prolonged exposure of dentine to this strong oxidative agent could 
be avoided, provided that an ample volume of irrigant is available for root canal disinfec-
tion. In this manner, significant biofilm removal can be achieved and adverse effects on 
the physico-mechanical properties of dentine minimized54. 

Although speculative in nature, the following hypothesis could account for this finding. 
A bigger NaOCl “reservoir” (higher NaOCl volume) provides the reacting NaOCl-biofilm 
system with a higher availability of NaOCl reactant. By increasing the net amount of 
reactive NaOCl molecules that comes into contact with a defined biofilm surface area, 
an increase in the diffusion-driven transport of NaOCl molecules into the biofilm is 
expected. As a result, deeper biofilm layers are affected and transit to a disrupted state, 
thus becoming more susceptible to removal. Arguably, a similar increase in the net 
amount of reactive NaOCl can be achieved by employing NaOCl of higher concentration 
(> 2%). Indeed, higher concentrations of NaOCl are often used clinically, although the 
additional benefit of its use on the treatment outcome has yet to be established. Higher 
concentrations of NaOCl demonstrate good anti-biofilm efficacy in vitro55, but cause 
significant alterations to the physico-chemical properties of dentine as well56. Further 
research is warranted that would take into account changes occurring both at the biofilm 
and dentine substrate after exposure to NaOCl of variable concentration-, time-, and 
volume- gradients.

Summarizing the above, it could be argued that depending on the volume applied, the 
NaOCl reactant shows a different pattern of escalating reactivity with the biofilm as 
time progresses (“volume-dependent peak time threshold” of NaOCl chemical efficacy). 
Although eventually (300 s) the same final outcome is reached regardless of the applied 
volume, adding more volume of NaOCl reactant on a limited organic surface area seems 
to accelerate one of the aftermaths of NaOCl reactivity, namely biofilm dissolution.   

With regard to the architectural composition of the biofilms that remained after the 
‘’one-off’’ chemical attack, only the ‘’Volume’’ variable yielded significant changes on 
the viscoelastic properties of 2% NaOCl-treated biofilms. Firstly, the recorded stress 

relaxation of the remaining biofilms that were treated with a higher volume of 2% NaOCl 
was considerably higher compared to the lower volumes. From a physical standpoint, 
this means that any developed stress within these biofilm structures can be effectively 
relieved. Practically, mechanical forces can dissipate more easily within this chemically 
affected biofilms, thus reducing the likelihood of structural failure and uncontrolled 
detachment that are expected to occur with the physical shear force development during 
irrigant flow57. 

Secondly, a more detailed analysis of the contribution of the different elements on the 
overall viscoelastic properties of the biofilms revealed again a significant role for the 
variable “Volume”. More specifically, by increasing 2% NaOCl volume, a significant in-
crease in the contribution of the free water and a significant decrease in the contribution 
of the bacteria on biofilms’ viscoelasticity were recorded. A decreased water contribution 
and an increased bacterial contribution have been linked to increased penetration of 
chlorhexidine within similarly grown CDFF biofilms23. This occurs due to the diminution 
of the dilution effect on the penetrating anti-biofilm solution (decreased involvement of 
the water element) and the extensive bacterial re-arrangement that results in a biofilm 
structure allowing for deeper chlorhexidine penetration (increased involvement of the 
bacterial element). By extrapolation, our findings suggest that when larger volumes of 
2% NaOCl are applied the architectural biofilm composition shifts in such a way that 
makes the biofilm less susceptible to chlorhexidine penetration. Thus, any subsequent 
use of chlorhexidine, as this is proposed by disinfection regimes where a final rinse 
with CHX is advocated58,59, is not expected to exert any significant anti-biofilm action 
due to limited penetration in the biofilm residues. In combination with recent evidence 
associating the use of chlorhexidine with biofilm stiffening and contraction, inadequate 
biofilm removal24,35,60,61 and high cytotoxic effects when combined with NaOCl62, the no-
tion about revisiting the need for chlorhexidine as an adjunct in root canal disinfection 
is further supported24. 

Quantification of the stained biofilm components from the CLSM-acquired images 
showed that prolonged exposure of CDFF biofilms to 2% NaOCl resulted in a significant 
decrease in the relative amount of dead bacteria, without any further differences detect-
ed in the amount of live bacteria and EPS among the time groups. This counter-intui-
tive finding supports the assumption that 2% NaOCl has a stronger effect on bacterial 
cells that already exhibit defects on their cell membrane, thereby rendering them more 
prone to removal as exposure time advances. 

With regard to the volume, increasing the 2% NaOCl reservoir over the biofilm samples 
led to a significant decrease in the amount of EPS and a respective significant increase 
of the live bacteria. The EPS reduction is related to the proteolytic and saccharolytic 
properties of NaOCl4,63,64 that result in the decomposition of the structural backbone of 
the biofilm matrix. As far as the increased bacterial viability is concerned, the gradual 
development of the biofilm in the constant depth film fermenter could account for this 
finding. More specifically, after the biofilms reach their pre-determined thickness, the 
continuous compaction exerted by the scrapers results in a specific bacterial stratifica-
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tion, with more dead cells in the superficial layer and more live cells beneath23,24,65. Tak-
ing into consideration the increased biofilm disruption and dissolution demonstrated in 
the present study when higher 2% NaOCl volume was applied, it seems logical that the 
upper layers containing mostly dead bacteria are removed first. As a consequence, the 
immediate underlying biofilm layer containing more live bacteria is directly submitted 
to CLSM imaging. In addition, through the decrease of the “blue signal” associated with 
the EPS reduction, the “green signal” (live bacteria) stands out. Lastly, the inherent 
shortcomings of the dead/live staining need to be taken into consideration, namely, 
with the staining penetration depth being around 60 μm, only the superficial residual 
biofilm layers are subjected to evaluation. This leaves the deeper biofilm strata where 
more dead bacteria are anticipated out from the quantification process.

Conclusions

This study investigated the influence of two irrigation variables, namely exposure time 
and volume application, on the chemical anti-biofilm capacity of 2% NaOCl solution. 
Biofilm disruption and dissolution were identified as different outcome parameters and 
accordingly examined during the evaluation of the diffusion-dependent chemical effica-
cy of 2% NaOCl. The overall results demonstrated that by increasing exposure time and 
irrigant volume the chemical anti-biofilm capacity is enhanced. However, it was noted 
that by increasing 2% NaOCl volume, significant biofilm dissolution could be achieved 
in less time. A fine-tuning between time and volume could aid in devising NaOCl-based 
effective biofilm disinfection clinical strategies that would induce less damage to 
the underlying dentine. Finally, the time- and volume- dependent alterations of the 
architecture of the remaining biofilms were examined through confocal laser scanning 
microscopy (CLSM) imaging and low load compression testing (LLCT) for biofilm vis-
coelasticity. Via CLSM, the EPS-lytic action of 2% NaOCl was corroborated, while some 
inherent flaws associated with its use were highlighted. Via LLCT, the viscoelasticity 
profile of the remaining biofilms was studied. Based on the current observations and 
combined with previous findings, the anti-biofilm effectiveness of chlorhexidine-based 
supplemented irrigation regimes were challenged. Defining and standardising meth-
odological parameters concerning biofilm growth and irrigant application is critical 
in order to obtain clinically meaningful results from in vitro studies that examine the 
anti-biofilm capacity of various biocides. Also, employing ‘’non-invasive’’ methods that 
are less prone to methodological and evaluation bias improves outcome assessment.
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Abstract

Aim 

To investigate the anti-biofilm efficacy and working mechanism of several NaOCl 
concentrations on dual-species biofilms of different architecture as well as the changes 
induced on the architecture of the remaining biofilms.

Methodology 

Streptococcus oralis J22 and Actinomyces naeslundii T14V-J1 were co-cultured under 
different growth conditions on saliva-coated hydroxyapatite discs. A constant depth 
film fermenter (CDFF) was used to grow steady-state, 4-day mature biofilms (dense 
architecture). Biofilms were grown under static conditions for 4 days within a confined 
space (less dense architecture). Twenty microlitres of buffer, 2-, 5-, and 10% NaOCl were 
applied statically on the biofilms for 60 s. Biofilm disruption and dissolution as well as 
bubble formation were evaluated with optical coherence tomography (OCT). The vis-
coelastic profile of the biofilms post-treatment was assessed with low load compression 
testing (LLCT). The bacteria/extracellular polysaccharide (EPS) content of the biofilms 
was examined through confocal laser scanning microscopy (CLSM). OCT, LLCT and 
CLSM data were analyzed through one-way analysis of variance (ANOVA) and Tukey’s 
HSD post-hoc test. Linear regression analysis was performed to test the correlation 
between bubble formation and NaOCl concentration. The level of significance was set 
at a < 0.05.

Results 

The experimental hypothesis according to which enhanced biofilm disruption, disso-
lution and bubble formation were anticipated with increasing NaOCl concentration 
was generally confirmed in both biofilm types. Distinct differences between the two 
biofilm types were noted with regard to NaOCl anti-biofilm efficiency as well as the 
effect that the several NaOCl concentrations had on the viscoelasticity profile and the 
bacteria/EPS content. Along with the bubble generation patterns observed, these led to 
the formulation of a concentration- and biofilm structure-dependent theory of biofilm 
removal.

Conclusions 

Biofilm architecture seems to be an additional determining factor of the penetration 
capacity of NaOCl, and consequently of its anti-biofilm efficiency.

Introduction

Sodium hypochlorite (NaOCl) is the main irrigant of choice during root canal treat-
ment, with concentrations employed ranging between 0.5% and 6%1-5. Even though 
higher concentrations have been associated with improved treatment outcome, the level 
of evidence is weak6. With randomized controlled clinical trials still in progress, the 
current lack of a definitive association between NaOCl concentration and treatment 
outcome calls for exploration of surrogate indicators that could provide criteria for 
selecting the desired concentration. Given that apical periodontits is a biofilm-induced 
disease7, the anti-biofilm capacity of several NaOCl concentrations could serve that 
purpose.

Studies employing several biofilm models have shown a tendency towards increased 
biofilm removal with increasing NaOCl concentration8-11. However, contradictory 
results have been reported when lower NaOCl concentrations are applied. One percent 
NaOCl has been shown to partially disrupt and decrease the viability of a biofilm11,12, 
whereas less or no effect at all has also been reported9,13.  

The lack of standardization in biofilm models14, limitations associated with post-treat-
ment biofilm analysis, and the various ways that NaOCl is delivered in laboratory stud-
ies could account for the discrepancies observed. For instance, biofilm architecture has 
been shown to play an important role in the NaOCl-induced biofilm removal15. Accord-
ingly, this factor should be taken into account and standardized when biofilm models 
are designed. Developing dual-species biofilms with different architecture is feasible by 
letting biofilms grow for 4 days under well-defined growth conditions15.   

In addition, from a biofilm analysis point of view, it has been demonstrated that struc-
tural alterations can be visualized and measured by means of optical coherence tomog-
raphy (OCT); this is achieved by measuring the shifting that occurs at the greyscale 
level in pre- and post-treatment greyscale images of biofilms acquired with the OCT15-17. 
Moreover, OCT allows for real-time visualization and recording of the biofilm response 
to biocides feasible15,18, thus providing information on the working action of chemical 
solutions15. For NaOCl in particular, this is an important analytical feature since its 
anti-biofilm working mechanism is largely unexplored.   

As far as the NaOCl delivery is concerned, in the majority of relevant studies biofilms 
interact with an excess of NaOCl solution that surrounds the samples. Within the root 
canal system though, the area of contact between the biocide and the biofilm is rather 
limited. Therefore, a reduced contact surface area and limited NaOCl accessibility only 
to the top layer of the biofilm seem more realistic from a clinical standpoint. 

Biofilms can survive NaOCl treatment19 resulting in post-treatment biofilm per-
sistence7,20. Depending on the environmental conditions, the remaining biofilm can  
re-grow21-24, and thereby perpetuate periapical disease25. Due to the potential impact 
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of recalcitrant biofilm on treatment outcome, investigating aspects of its structure 
could aid in the development of effective removal regimes26. One of the main structural 
features of biofilms is viscoelasticity. Biofilm viscoelasticity has been shown to cor-
relate to biocide penetration and bacterial killing in oral biofilms27,28; this has led to its 
acknowledgment as a virulence factor26. Furthermore, low load compression testing 
(LLCT)-based viscoelastic analysis of dual-species biofilms with different architecture 
has provided interesting data on the viscoelastic profile of remaining biofilms, especial-
ly after NaOCl treatment15,16. Lastly, Confocal Laser Scanning Microscopy (CLSM)-aid-
ed evaluation of stained biofilm components (e.g. bacteria, extracellular polysaccha-
rides-EPS-) on remaining biofilms post-treatment contributes to the evaluation of the 
biofilm architecture as well15,16.

This study aimed at evaluating the anti-biofilm efficacy of several NaOCl concentrations 
on dual-species biofilms of different architecture. The primary objective was to assess by 
means of OCT the biofilm disruption and dissolution mediated by the static application 
of 2-, 5-, and 10% NaOCl on 4-day grown dual-species biofilms, comprised of clinical 
isolates of Streptococcus oralis (S. oralis) and Actinomyces naeslundii (A. naeslundii), and 
of different structural architecture. A secondary objective was to assess the effect of 
the same NaOCl concentrations on the architecture biofilms post-treatment. This was 
achieved through evaluating their viscoelastic properties by means of LLCT and quan-
tifying the changes in the proportion of stained biofilm components (live/dead bacteria 
and EPS) by means of confocal laser scanning microscopy (CLSM). The tertiary ob-
jective was to image real-time by means of OCT the anti-biofilm working action of the 
same concentrations of NaOCl during subtle flow. 

Materials and Methods

The experimental setup was based on previously described and validated protocols15,16 
and is briefly presented in a graphical abstract (Fig. 1). Bacterial suspensions of S. oralis 
J22 and A. naeslundii T14V-J1 were initially cultured in modified brain heart infusion 
broth (BHI) (37.0 g/L BHI, 1.0 g/L yeast extract, 0.02 g/L NaOH, 0.001 g/L vitamin K1, 
5 mg/L L-cysteine-HCl, pH 7.3) (BHI, Oxoid Ltd., Basingstoke, UK). Following, the 
bacterial species were co-cultured at concentrations of 6 × 108 cells/mL for S. oralis 
and 2 × 108 cells/mL for A. naeslundii for 4 days on saliva-coated hydroxyapatite (HA) 
discs. This led to the formation of defined dual-species biofilms in terms of thickness 
and structure (see reference 15 for further details on bacterial culturing). Two different 
dual-species biofilm types were developed: a 4-day biofilm grown in a constant depth 
film fermenter (4CDFFB) and a 4-day static biofilm (4SB) grown in confined spaces and 
under static culturing conditions (see reference 15 for further details on biofilm growth). 
Before any treatment was applied, cross-sectional scans of the biofilms were acquired 

with an optical coherence tomography (OCT) scanner (Thorlabs, Newton, NJ, USA) 
(pre-treatment scans). During OCT imaging, the biofilms were kept in a volumetric 
jar with 20 mL adhesion buffer. The field of view (FOV) was set at 4.5 mm, the 
refraction index at 1.33, and images were processed with the ThorImage OCT software 
(Thorlabs). Subsequently, biofilms were transferred to an empty volumetric jar and 
treated with sterile buffer (0.147 g/L CaCl2, 0.174 g/L K2HPO4, 0.136 g/L KH2PO4, 3.728 
g/L KCl, dissolved in sterile demineralized water, pH 6.8) (control group), 2-, 5-, and 
10% NaOCl (reagent grade, available chlorine 10-15%, Sigma-Aldrich, St. Louis, MO, 
USA). Before every experiment, a thiosulfate titration method was used to determine 
NaOCl concentration, and accordingly dilution with sterile demineralized water 
ensued. The treatment consisted of applying 20 μL solution statically (no flow) over 

Figure 1. Graphical abstract (concise flow chart) depicting the experimental protocol followed 
for bacterial culture (a), biofilm growth and treatment (b), and biofilm assessment (c). For details 
the reader is referred to Busanello et al. 2019 and Petridis et al. 2019 (see references, open access 
articles). 
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the biofilms, followed by a 60 s interval, during which the biofilm samples were left 
undisturbed. Next, 20 μL sodium thiosulfate (Na2S2O3, Sigma-Aldrich) was applied for 
NaOCl neutralization, and the samples were transferred in a volumetric jar with 20 mL 
adhesion buffer. The treated biofilms were scanned again with the OCT scanner under 
the same settings (post-treatment scans). Quantification of changes on the biofilms was 
carried out by evaluating the scanned pre- and post-treatment biofilm cross-sections 
with an open source image analysis software (Fiji, https://imagej.net/Fiji).  
The distance in every column of pixels between the substrate and top of the biofilm 
(4,500 rows of pixels) was calculated and compared for the pre- and post-treatment 
images. To improve the accuracy of the data, different grayscale thresholds in each 
image were selected29,30, resulting in the identification of distinct biofilm layers15. Based 
on previously validated protocols, the different biofilm layers identified with the OCT 
were allocated to the terms “disrupted layer” (lower grayscale pixel intensity) and 
“coherent layer” (higher grayscale pixel intensity)15,16. Percent biofilm dissolution and 
percent biofilm disruption were chosen as outcome measures. 

For percent biofilm dissolution, the change of the coherent layer after treatment was 
calculated using equation 1.

Positive and negative values were related to decrease and increase of the coherent layer 
height post-treatment, respectively. Biofilm dissolution was consistent with decrease of 
the height of the coherent biofilm layer.

For percent biofilm disruption, the change of the disrupted layer after treatment was 
calculated using equation 2.

  

Positive and negative values were related to increase and decrease of the disrupted layer 
height post-treatment, respectively. Biofilm disruption was consistent with increase of 
the height of the disrupted biofilm layer. 

In order to study changes in the biofilm architecture, biofilms treated with NaOCl were 
subjected to analysis of their viscoelastic properties with the aid of low load compres-
sion testing (LLCT). Confocal laser scanning microscopy (CLSM) analysis of stained 
biofilm components, such as live/dead bacteria and extracellular polysaccharides (EPS) 
was also employed (see references 15 and 16 for further details on methodological proto-
cols, data acquisition and analysis). 

For the visualization of the action of NaOCl, top-view OCT images of treated biofilms 
were analyzed. Following the 60 s NaOCl application, top-view OCT snapshots of the 
whole biofilm sample were captured. Bubble formation was chosen as the outcome 
measure, quantified by manually counting on the top-view images the number of the 
bubbles generated. 

Furthermore, in order to gain more insight on the dynamics of the NaOCl bubble 
formation process over time, the biofilm behavior was registered real-time by means of 
OCT during the subtle continuous flow of the several NaOCl concentrations over 4-day 
CDFF biofilms (FOV: 4.5 mm, refraction index: 1.33, frame rate: 0.4 image/s). Four-day 
static biofilms showed an extremely rapid and increased dissolution under the test con-
ditions applied, and therefore excluded from this type of experiment. CDFF biofilm-car-
rying HA discs were inserted in a parallel plate flow chamber with the help of a cus-
tom-made silicone mould; this ensured that the biofilm was always placed at the same 
level with regard to its vertical protrusion in the chamber, and parallel to the chamber 
surface and irrigant flow. Next, buffer (control), 2-, 5- and 10% NaOCl were introduced 
at a low flow rate (3.33 mL/min), and real-time recording with the OCT scanner was 
performed for 60 s. Three biofilm samples per treatment group were used during three 
independent experiments.

Statistical analysis

For each biofilm evaluation technique applied (OCT, LLCT, CLSM), 20 samples from 
each biofilm type were divided into 4 groups according to the treatment provided 
(control, 2-, 5-, and 10% NaOCl). Statistical analysis was performed using SPSS software 
(Version 23.0, IBM Corp., Armonk, NY, USA). Normality of data was assessed through 
Shapiro-Wilk test. One-way analysis of variance (ANOVA) (or Welch’s ANOVA) tests 
were carried out to detect the presence of significant difference among the different 
treatments employed for each biofilm type. Tukey’s HSD (or Games-Howell) post-hoc 
multiple comparison tests were subsequently performed to identify significant differenc-
es between the several chemical treatments. Linear regression analysis was performed to 
test the correlation between bubble formation (number of bubbles, dependent variable) 
and NaOCl concentration (predictor variable). Data is presented as mean ± standard 
deviation (SD). The level of statistical significance was set at a ≤ 0.05.
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Results

Anti-biofilm efficacy of NaOCl concentrations assessed with optical coherence tomog-
raphy (OCT)
Four-day CDFF biofilms (4CDFFB)

Treatment with 5% NaOCl significantly increased biofilm disruption compared to the 
control (P < 0.001), 2% NaOCl (P < 0.001) and 10% NaOCl (P < 0.001) (Fig. 2a). It also 
increased biofilm dissolution compared to the control (P = 0.032), 2% NaOCl (P = 0.046) 
and 10% NaOCl (P = 0.005). 
The mean percent biofilm dissolved in the 10% NaOCl treatment group yielded a nega-
tive value, indicating an increase in the height of the coherent biofilm layer (Fig. 2b). 
Representative OCT scans of biofilms pre- and post-treatment are presented (Fig. 2c).

Four-day static biofilms (4SB) 

Treatment with 10% NaOCl significantly increased biofilm disruption compared to 
the control (P = 0.001) and 5% NaOCl (P = 0.018), while disrupting considerably more 
biofilm compared to 2% NaOCl (Fig. 3a). It also significantly increased biofilm disso-
lution compared to the control (P < 0.001) and 5% NaOCl (P = 0.003), while dissolving 
considerably more biofilm compared to 2% NaOCl. 
Treatment with 2% NaOCl significantly increased biofilm dissolution compared to the 
control (P = 0.026) (Fig. 3b). Representative OCT scans of 4-day static biofilms pre- and 
post-treatment are presented (Fig. 3c).

Effect of NaOCl concentration on biofilm architecture: low load compression  
testing (LLCT)
Four-day CDFF biofilms (4CDFFB) 

Treatment with 2% NaOCl caused a significant decrease in the stress relaxation, com-
pared to the control (P=0.001), 5% NaOCl (P < 0.001), and 10% NaOCl (P = 0.002) (Fig. 
4a). The mathematical fitting of the generated stress relaxation curves using a general-
ized Maxwell model revealed:

a) significant decrease of the relative importance of the E
1 Maxwell element (represent-

ing the free water biofilm component15) in the 2% NaOCl-treated remaining biofilms, 
compared to the control (P = 0.003), 5% NaOCl (P = 0.001) and 10% NaOCl (P = 0.007) 
(Fig. 4a), and 

b) significant increase of the relative importance of the E4 Maxwell element (represent-
ing the bacterial cell biofilm component15) in the 2% NaOCl-treated remaining biofilms, 
compared to the control (P = 0.002), 5% NaOCl (P = 0.001) and 10% NaOCl (P = 0.004) 
(Fig. 4a).

Figure 2. Biofilm disruption (a) and dissolution (b) for 4-day CDFF biofilms after 60 s treatment 
with buffer (control), 2-, 5-, and 10% NaOCl. Values are presented as means with error bars 
representing standard deviation. Statistical significance is represented by * for P ≤ 0.05, † for P 
≤ 0.01 and ‡ for P ≤ 0.001. Representative cross-sectional greyscale OCT scans of 4-day CDFF 
biofilms and the respective processed images based on the grayscale level thresholding applied; 
pseudocolors added highlight the remaining coherent biofilm layer (blue) and resultant disrupted 
biofilm layer (purple) after 60 s treatment with the several solutions (c); greyscale pre-treatment 
scan (i) and respective processed image (i´); greyscale buffer post-treatment scan (ii) and 
respective processed image (ii´); greyscale 2% NaOCl post-treatment scan (iii) and respective 
processed image (iii´); greyscale 5% NaOCl post-treatment scan (iv) and respective processed 
image (iv´); greyscale 10% NaOCl post-treatment scan (v) and respective processed image (v´). 
Scale bars represent 100 μm.
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Figure 4. Low load compression testing-derived biofilm viscoelasticity profile after 60 s treatment 
with buffer (control), 2-, 5-, and 10% NaOCl for 4-day CDFF (a), and 4-day static (b) biofilms. The 
y-axis represents percent stress relaxation and influence of the 4 Maxwell element (E1, E2, E3 and 
E4). Each Maxwell element was associated with a unique component of the biofilm structure (free 
water, bound water, EPS, and bacteria). Values are presented as means with error bars representing 
standard deviation. Statistical significance is represented by * for P ≤ 0.05, † for P ≤ 0.01 and ‡ for P 
≤ 0.001.

The relative importance of the E2 and E3 Maxwell elements in the 4-day CDFF biofilms 
(representing the bound water and EPS biofilm components, respectively15) were not 
significantly affected, irrespective of the treatment applied (Fig. 4a).  

Four-day static biofilms (4SB) 

Treatment with NaOCl, irrespective of the concentration used, caused a significant 
decrease in the stress relaxation, compared to the control (P = 0.024 for 2% NaOCl,  

Figure 3. Biofilm disruption (a) and dissolution (b) for 4-day static biofilms after 60 s treatment 
with buffer (control), 2-, 5-, and 10% NaOCl. Values are presented as means and error bars 
representing standard deviation. Statistical significance is represented by * for P ≤ 0.05, † for 
P ≤ 0.01 and ‡ for P ≤ 0.001. Representative cross-sectional greyscale OCT scans of 4-day static 
biofilms and the respective processed images based on the grayscale level thresholding applied; 
pseudocolors added highlight the remaining coherent biofilm layer (blue) and resultant disrupted 
biofilm layer (purple) after 60 s treatment with the several solutions (c); greyscale pre-treatment 
scan (i) and respective processed image (i'); greyscale buffer post-treatment scan (ii) and respective 
processed image (ii'); greyscale 2% NaOCl post-treatment scan (iii) and respective processed image 
(iii'); greyscale 5% NaOCl post-treatment scan (iv) and respective processed image (iv'); greyscale 
10% NaOCl post-treatment scan (v) and respective processed image (v'). Scale bars represent 100 
μm. 
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P = 0.001 for 5% NaOCl and P = 0.003 for 10% NaOCl) (Fig. 4b). No significant differ-
ences among NaOCl concentrations were detected. The mathematical fitting of the 
generated stress relaxation curves using a generalized Maxwell model revealed:

a) a significant decrease of the relative importance of the E1 Maxwell element (repre-
senting the free water biofilm component15) in all NaOCl-treated remaining biofilms, 
irrespective of the concentration used, compared to the control (P = 0.001 for 2% 
NaOCl and P < 0.001 for 5% and 10% NaOCl), as well as no significant differences 
among the several NaOCl concentrations (Fig. 4b), and 

b) a significant increase of the relative importance of the E4 Maxwell element (repre-
senting the bacterial cell biofilm component15) in all NaOCl-treated remaining bio-
films, irrespective of the concentration used, compared to the control (P = 0.049 for 
2% NaOCl and P < 0.001 for 5% and P = 0.001 for 10% NaOCl), as well as no signifi-
cant differences among the several NaOCl concentrations (Fig. 4b).

The relative importance of the E2 and E3 Maxwell elements in the 4-day static biofilms 
(representing the bound water and EPS biofilm components, respectively15) were not 
significantly affected, irrespective of the treatment applied (Fig. 4b).

Effect of NaOCl concentration on biofilm architecture: confocal laser scanning micros-
copy (CLSM)
Four-day CDFF biofilms (4CDFFB) 

Treatment of 4-day CDFF biofilms with NaOCl had a significant impact on the bacterial 
cell biofilm component, without significantly affecting the EPS biofilm component. 
Percent “LIVE” bacteria was significantly higher after treatment with 10% NaOCl, 
compared to 5% NaOCl (P = 0.001) and the control (P < 0.001). Also, treatment with 2% 
NaOCl resulted in a significantly higher percent “LIVE” bacteria, compared to the con-
trol (P = 0.003) (Fig. 5a). Percent “DEAD”’ bacteria was significantly reduced compared 
to the control, irrespective of the NaOCl concentration used (P = 0.001 for 2% NaOCl, 
P = 0.03 for 5% NaOCl and P < 0.001 for 10% NaOCl), while no significant differences 
were detected among the NaOCl groups (Fig. 5a). 

Four-day static biofilms (4SB) 

Treatment with NaOCl showed insignificant changes regarding their bacterial cell 
component. Significant changes were detected in the EPS biofilm component, where 
treatment with 10% NaOCl resulted in a significant reduction of EPS compared to the 
control (P < 0.001), 2% NaOCl (P < 0.001) and 5% NaOCl (P < 0.001) (Fig. 5b).

Evaluation of NaOCl-induced bubble formation:  
Snapshot rendering after static application

Descriptive data analysis is presented in Table 1. Analysis of the number of bubbles vis-
ible in the top-view OCT images of the 4-day CDFF biofilms treated revealed that 10% 
NaOCl generated significantly more bubbles compared to control (P < 0.001), 2% NaOCl 
(P < 0.001) and 5% (P < 0.001) (Fig. 6). The linear regression analysis revealed signif-
icant correlation between NaOCl concentration and the amount of bubbles formed, 
described in the following function:

N
bubbles=4.6 x CNaOCl - 3.7, (R2=0.812, F=75.3, P<0.001), where Nbubbles=amount of bubbles 

formed and CNaOCl=NaOCl concentration.

For the 4-day static biofilms, treatment with 10% NaOCl generated significantly more 
bubbles compared to control (P = 0.020), 2% NaOCl (P = 0.043) and 5% (P = 0.022). The 
linear regression analysis did not reveal any linear correlation between NaOCl concen-
tration and the amount of bubbles formed. 

Table 1. Bubble count mean values (standard deviation within brackets) present in the top-view 
OCT images of the 4-day CDFF biofilms treated with NaOCl.

Outcome measures

Treatment 4-day CDFF biofilm Bubble count (SD) 4-day static biofilm Bubble count (SD)

control (buffer) 0.0 (0.0) 0.0 (0.0)

2% NaOCl 2.7 (3.6) 1.2 (1.1)

5% NaOCl 13.6 (14.2) 1.1 (1.1)

10% NaOCl 44.6 (21.2) 10.8 (10.1)

Real-time rendering during irrigant flow

Bubble formation was clearly observed with the real-time OCT video recording of CDFF 
biofilm samples exposed to subtle irrigant flow in the parallel plate flow chamber, cre-
ating the impression that higher NaOCl concentrations generate more, larger and faster 
bubble formation (Supplemental videos 1, 2, 3, 4).
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Discussion

To study the chemical anti-biofilm efficacy and action of several sodium hypochlorite 
(NaOCl) concentrations, micro-volume NaOCl solutions were applied statically over 
two structurally defined biofilms for a finite time interval (60 s). In the present study, 
NaOCl action was dependent solely on diffusion (and not convection). In that sense, 
factors that could alter the process of NaOCl diffusion into the bulk biofilm besides 
concentration, namely, biofilm structure, NaOCl reactivity with the biofilm matrix, and 
time allowed for NaOCl diffusion (60 s), should be also taken into consideration.

Biofilm disruption should be viewed as the aftermath of the immediate reaction 
between the prevailing oxidizing hypochlorite (OCl-) and the extracellular polymeric 
substances of the biofilm matrix, such as proteins and polysaccharides31,32 and forerun-
ner of biofilm dissolution. This rapidly occurring chemical reaction leads to generation 
of bubbles, whose gas content is mainly composed of carbon dioxide and chloroform 
compounds33. These chloroform compounds are possibly reaction products of the oxi-
dation of the polymeric content of the biofilm matrix and/ or the peptidoglycans (cell 
wall component of the Gram-positive bacteria used in this study) by hypochlorous acid 
(HOCl-) of NaOCl34. Bubble formation seems to cause a collapse of the biofilm structure 
which, depending on the unique biofilm architecture, facilitates dissolution and/ or 
mechanical removal at a different degree.

In the structurally compacted 4-day CDFF biofilms, 5% NaOCl caused significant bio-
film disruption and dissolution compared to 2% and 10% solutions. Two percent NaOCl 
barely affected this biofilm type, while, surprisingly, 10% NaOCl resulted in signifi-
cantly impaired biofilm disruption and dissolution (negative mean values of percent 
dissolution). By taking a closer look at the behavior of the CDFF biofilms using OCT 
scans and snapshot images, an increase in the biofilm height (Fig. 2d) and an increased 
amount of bubbles could be seen in 10% NaOCl treatment CDFF biofilm group (Fig. 
6a). Apparently, this typical chemical reaction induced by the 10% NaOCl, in combina-
tion with a compact biofilm structure, resulted in the formation of bubbles capable of 
lifting up the entire biofilm from its underlying substrate (Supplemental video 4). This 
suggests that 10% NaOCl is capable of penetrating deeper in the bulk biofilm (increased 
diffusion), thus bringing about this gas-associated bubble formation at the biofilm-sub-
strate interface. The upward pushing force accounted for the increased biofilm height, 
and thereby negative mean values noted after application of 10% NaOCl (Fig. 2b).

Figure 5. Confocal laser scanning microscopy (CLSM) biofilm architectural profile after 60 s 
treatment with buffer (control), 2-, 5-, and 10% NaOCl for 4-day CDFF biofilms (4CDFFB) (a, b), 
and for 4-day static biofilms (4SB) (c, d). In the bar graphs, the y-axis represents percent stained 
live bacteria, dead bacteria and extracellular polysaccharides (EPS). Values are presented as means 
with error bars representing standard deviation. Statistical significance is represented by * for  
P ≤ 0.05, † for P ≤ 0.01 and ‡ for P ≤ 0.001.

Figure 5. 
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biofilms. Additionally, induction of bubble formation was barely noticeable and equally 
low in these groups. 

The findings presented above suggest that biofilm structure drives the chemical 
interplay between the oxidizing reagent and the underlying biofilm, and eventually 
the anti-biofilm efficacy of NaOCl. Specifically, the 4-day static biofilms had a loose 
architecture compared to the 4-day CDFF biofilms as a result of the decreased bacterial 
density, increased EPS presence and significantly increased amount of “free water”15. 
When this open biofilm architecture is exposed to concentrated NaOCl solutions, pene-
tration of the biocide is favored, and the chemical interaction with deeper biofilm layers 
is facilitated35. This explains the enhanced anti-biofilm efficacy and bubble formation 
associated with 10% NaOCl on the 4-day static biofilms. However, the lack of any no-
ticeable difference between the 2- and 5% NaOCl indicates a concentration range within 
which the anti-biofilm efficacy plateaus. It could be argued that due to the increased 
amount of EPS present, an increased reactivity, and hence NaOCl consumption occurs. 
This creates a diffusion barrier that intermediate concentrations cannot overcome, thus 
accounting for the comparable lower anti-biofilm efficacy of the 2- and 5% NaOCl.

Quantification of bubbles formed was performed on top-view OCT images captures af-
ter 60 s of NaOCl application. Therefore, bubble count was an end-point measurement 
performed on OCT snapshots. It needs to be stressed out that the generation of bubbles 
is a dynamic process dictated by the reactivity between the oxidative reagent and the 
underlying biofilm. This starts immediately after NaOCl application and progresses 
over time. Also, it is reasonable that when a considerable amount of biofilm has been 
already dissolved due to the action of NaOCl, the amount of bubbles counted on a later 
time point will be less. This leads eventually to a lower bubble count in the 4-day static 
compared to the 4-day CDFF biofilms, and hence to an underestimation of the chemical 
process that actually takes place. To conclude, the end-point measurement of bubble 
count provides valuable information regarding the chemical action of NaOCl on a 
biofilm substrate but specific limitations need to be accounted for. Real-time OCT video 
analysis or high-speed microscopy could possibly help resolve limitations associated 
with time end-point measurements.              

Arguably, the low reactivity of the 2% NaOCl with the poor EPS content of the upper 
layers of the 4-day CDFF biofilms causes initially superficial changes leading to the 
formation of small bubbles. As the bubbles leave the biofilm out they cause evapora-
tion of the thin layer of ‘free’ water, while displacing and packing bacteria to adjacent 
regions36. This is supported by the significant decrease of the influence free water 
component (E1) and increase of the influence of the bacterial component (E4) noted 
for the 2% NaOCl-treated CDFF biofilms. By increasing NaOCl concentration to 5%, 
penetration is increased and a chemical reaction with the deeper situated EPS occurs. 
This results in the formation of more bubbles in deeper layers (Supplemental video 3), 
which in turn increases the chances of permanent attachment of pieces of biofilm to the 
moving bubble37. Thus, the likelihood of biofilm cohesion failure is increased and along 
with that, the bubble-driven biofilm disruption and subsequent removal from the inner 

Figure 6. Top-view biofilm snapshots after 60 s treatment with buffer (control), 2-, 5-, and 10% 
NaOCl for 4-day CDFF and static biofilms. Images were acquired with the optical coherence 
tomography scanner prior to acquisition of the cross-sectional grayscale biofilm images (red 
arrows indicate the scanning direction). Bubble formation is evident with increasing NaOCl 
concentration in the 4-day CDFF biofilms and mainly in the 10% NaOCl treatment group for the 
4-day static biofilms. 

With regard to the structurally less compacted 4-day static biofilms, the expected 
increased anti-biofilm efficacy with increasing NaOCl concentration was only partially 
confirmed. In contrast to the dense CDFF biofilms, the increased anti-biofilm capacity 
of the 10% NaOCl was clearly noticeable within the 60 s application interval, leading 
almost to complete biofilm disruption and dissolution. Moreover, the associated bubble 
count was significantly higher compared to the lower concentrations, indicating a 
stronger chemical effect resulting to gas-associated bubble formation. Interestingly, 
2- and 5% NaOCl concentrations did not demonstrate a significant difference in their 
disruptive and dissolving capacity, as opposed to their significant effect on the CDFF 
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layers becomes more effective. The increased biofilm dissolution noted corroborates this 
hypothesis.

Application of 10% NaOCl leads to deeper penetration of the reagent and consequent-
ly to significantly more bubble formation in the innermost layers of the 4-day CDFF 
biofilms. A fast-occurring chemical reaction resulting in the formation of a significant 
amount of bubbles of larger dimensions (as compared to the bubbles generated from the 
action of the lower NaOCl concentrations) is illustrated (Supplemental video 4). These 
large bubbles seem to emerge mostly from the interface between the biofilm and the HA 
discs. During their upward course, they detach and carry with large pieces of biofilm 
from the underlying substrate, hence causing biofilm adhesion failure. This is also 
illustrated in the post-treatment OCT scans. Nonetheless, as elaborated previously, the 
quantitative data analysis creates the impression that 10% NaOCl is inefficient in biofilm 
removal. Notably, when a subtle flow rate is also applied, the remarkable anti-biofilm 
efficacy of 10% NaOCl is clearly evident (Supplemental video 4). 

The CLSM findings for the 4-day CDFF biofilm support the argument above and are 
consistent with the structural features of this biofilm type. Significant changes were 
detected only in the bacterial cell component of the biofilm (predominant biofilm com-
ponent), while EPS remained mostly unaffected (less predominant biofilm component). 
Indeed, in the 10% NaOCl-treated CDFF biofilms, percent LIVE and DEAD bacteria 
were the highest and lowest respectively, compared to the other groups. This indicates 
that a chemical effect other than bacterial killing took place and is also in accordance 
with the biofilm detachment observed.   

In the 4-day static biofilms, the richer EPS content increases the reactivity sites with Na-
OCl, thereby limiting its penetration. Interestingly, for the 2- and 5% NaOCl, reactivity 
with the EPS seemed to be similarly low, as indicated by the lack of significant difference 
in biofilm disruption (OCT findings) and presence of EPS (CLSM findings) in the treated 
biofilms. The significant amount of water present in this biofilm type15 could account 
for this finding, that is, despite the higher concentration of the 5% NaOCl, the presence 
of water brings about a dilution effect, thereby decreasing its anti-biofilm efficacy. In 
contrast, application of 10% NaOCl seemed to affect profoundly the 4-day static biofilms. 
This was demonstrated by the increased biofilm disruption and dissolution induced by 
10% NaOCl, as well as the significantly lower presence of EPS noted in the 10% NaO-
Cl-treated biofilms. Moreover, the increased bubble count recorded in this group signi-
fies an intensified chemical interaction between the abundant OCl- and the EPS. 

Furthermore, the open biofilm structure of 4-day static biofilms facilitates the move-
ment of the bubbles generated during application of NaOCl. As a result, evaporation 
of free water and bacterial packing during treatment, as described previously, possibly 
occur. This is reflected to the viscoelastic properties of the biofilms, as evidenced by the 
decreased E1 and increased E4 Maxwell elements, respectively. However, contrary to 
the 4-CDFF biofilms where these phenomena were associated only with the 2% NaOCl, 

the 4-day static biofilms were similarly affected, irrespective of the NaOCl concentra-
tion applied. This highlights once again the influence of the architecture of the initial 
biofilm on the action of NaOCl exerted. 

Taking into account the diffusion limitations imposed by the different architecture of 
the biofilms used and the overall results of this study, the following theory is presented 
in an attempt to explain the behavior of both biofilm types to the several NaOCl con-
centrations applied: 

Sodium hypochlorite exhibits limited penetration due to the immediate NaOCl 
consumption that occurs from the reaction of the reagent with the organic biofilm 
substrate19,35. This effect is pronounced at low concentrations of NaOCl, the biofilm 
thickness increases and, arguably, as the biofilm structure make-up poses inherent 
obstacles that hinder diffusion. Four-day CDFF biofilms present a bacterial dense struc-
ture which is low in water and EPS content, whereas 4-day static biofilms are highly 
hydrated, with a significantly less tight bacterial backbone and more EPS15. The dense 
bacterial aggregation and the low water content impede deeper transport of solutes, 
thereby limiting NaOCl penetration. At the same time, the low water content decreases 
the dilution effect on NaOCl concentration, while the low EPS content offers less sites 
for chemical interactions. These should result in deeper NaOCl penetration in the bulk 
biofilm as NaOCl concentration increases. By comparison, while a less bacterial-tight 
biofilm architecture facilitates solute transportation, the abundant presence of water 
and EPS pose diffusivity barriers due to the dilution effect and reactivity of NaOCl with 
the EPS35. These barriers create a “concentration plateau” (2- to 5% NaOCl), only above 
which the anti-biofilm efficacy of NaOCl is clearly evident (10% NaOCl). To summa-
rize, apart from factors related to NaOCl application that are amenable to fine-tuning 
by the operator (e.g., concentration, time, volume, temperature, agitation), the biofilm 
architecture emerges as an important regulator of NaOCl penetration, and hence of its 
anti-biofilm efficacy. 

Bubble formation is anticipated when a strong oxidizing reagent (NaOCl) comes in 
contact with an organic substrate (biofilm). Nevertheless, this is the first study link-
ing bubble growth to biofilm removal and NaOCl concentration. Increasing NaOCl 
resulted in an increase in the amount of bubbles generated, irrespective of the biofilm 
type. While the generalized notion supporting that by increasing NaOCl concentra-
tion the chemical reactions with the underlying biofilm are potentiated and prolonged 
holds true, factors that influence bubble coalescence should not be overlooked. It has 
been demonstrated that the mechanism of bubble coalescence is strongly dependent 
on the presence of specific electrolytes and their concentration in aqueous solutions37. 
Recent studies using dynamic models of bubble formation (that is, conditions close to 
the bubble growth behavior observed after NaOCl application on biofilms) concluded 
that the increased presence of ions among fast-approaching bubbles delays or inhibits 
the naturally occurring bubble coalescence phenomenon. This occurs as a result of the 
development of electro-repulsive forces developed between the thin film separating the 
bubbles38-40. 
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Applying these findings to the outcome of bubble formation as illustrated in the present 
study, the following could be argued: an increased concentration of NaOCl makes up 
an ion-abundant environment. As the bubbles that are generated from the reaction 
with the biofilm approach to each other, the rich ionic environment inhibits them from 
coalescing. As a consequence, the stable bubbles remain for a longer time within the 
bulk biofilm without merging, thereby contributing to the enhanced biofilm adhesion 
and/ or cohesion failure observed in this study when the concentrated NaOCl solution 
was applied. 

Conclusions

In the present study, two types of dual-species biofilms representing different bacterial 
communities in terms of water content, EPS presence, bacterial density and viscoelastic 
properties were challenged with several concentrations of NaOCl and the diffusion-de-
pendent effects of the biocide were investigated. In general, by increasing NaOCl con-
centration its anti-biofilm efficacy was enhanced, with distinct biofilm removal patterns 
standing out within each biofilm type. The findings suggested that the architecture of 
the biofilm to treat should be acknowledged as an additional factor in the equilibrium 
that determines the penetration capacity of NaOCl, and as a consequence its potential 
to affect and remove biofilms. Optical coherence tomography appeared to be a suit-
able technique to analyse end-point outcomes of the biofilm fate after treatment with 
NaOCl. It also provided illustrative information on the bubble-forming action of NaOCl 
on biofilms and how this action is linked to biofilm removal. Certain imaging limita-
tions were highlighted and solutions to circumvent them were proposed as a means to 
explore in-depth the working mechanisms of NaOCl (e.g., real-time OCT imaging, high 
speed microscopy). The study of the viscoelastic properties combined with confocal 
laser scanning microscopy analysis of the remaining biofilms provided supplemental 
information in support of certain hypotheses about the interpretation of the findings 
presented. Lastly, a theory about the effect of the concentration of NaOCl on the stabili-
ty of the bubbles generated was proposed based on bubble coalescence models.
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Supplemental information

To see the video click the box below

Supplemental video 1

Real-time rendering (60 seconds, playback is speed-up 2x) showing a 4-day mature S. oralis 
J22/ A. naeslundii T14V-J1 biofilm grown in a constant depth film fermenter during introduc-
tion of buffer at a flow rate 3.33 mL/min in a parallel plate flow chamber (flow direction is 
from right to left). No biofilm removal or bubble formation is evident.

Supplemental video 2

Real-time rendering (60 seconds, playback is speed-up 2x) showing a 4-day mature S. oralis 
J22/ A. naeslundii T14V-J1 biofilm grown in a constant depth film fermenter during introduc-
tion of 2% NaOCl at a flow rate 3.33 mL/min in a parallel plate flow chamber (flow direction 
is from right to left). Biofilm removal is evident (detachment of small pieces of biofilm), 
while only minimum bubble formation is observed (sudden appearance of black semicircular 
voids emerging either from the bulk biofilm or the biofilm-hydroxyapatite substrate inter-
face).

Supplemental video 3

Real-time rendering (60 seconds, playback is speed-up 2x) showing a 4-day mature S. oralis 
J22/ A. naeslundii T14V-J1 biofilm grown in a constant depth film fermenter during introduc-
tion of 5% NaOCl at a flow rate 3.33 mL/min in a parallel plate flow chamber (flow direction 
is from right to left). Biofilm removal is clearly evident, with only few pieces of biofilm re-
maining after 60 s of flow of 5% NaOCl (so-called “resistant spots”). Bubble formation is also 
evident (sudden appearance of black semicircular voids emerging either from the bulk bio-
film or the biofilm-hydroxyapatite substrate interface). The bubbles either detach large pieces 
of biofilm which are carried away with the flow or seem to disrupt the cohesive strength of 
the biofilm bulk resulting eventually in further flow-driven biofilm removal. 

Supplemental video 4

Real-time rendering (60 seconds, playback is speed-up 2x) showing a 4-day mature S. oralis 
J22/ A. naeslundii T14V-J1 biofilm grown in a constant depth film fermenter during introduc-
tion of 10% NaOCl at a flow rate 3.33 mL/min in a parallel plate flow chamber (flow direction 
is from right to left). Biofilm removal is clearly evident, with almost no biofilm remaining 
after 60 s of flow of 10% NaOCl. Bubble formation seems to occur very rapidly and in a 
considerably higher magnitude compared to the lower NaOCl concentrations (rapid and 
massive appearance of black semicircular voids emerging either from the bulk biofilm or the 
biofilm-hydroxyapatite substrate interface). Notably, bubbles of larger dimension and from 
deeper biofilm layers seem to be generated. The bubbles either detach large pieces of biofilm 
which are carried away with the flow or seem to disrupt the cohesive strength of the biofilm 
bulk resulting in significant flow-driven biofilm removal.
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Abstract

Aim
To investigate the response of SCAPs, in terms of basic cellular function and mineral 
formation, when exposed to bacterial and biofilm secreted products and whether TLR2 
signaling plays a role in the mineralizing fate of bacterial/ biofilm-primed SCAPs. 

Methodology
Stem cells from the apical papilla (SCAPs) of impacted immature third molars of young 
patients (age 16-18 years) were isolated, cultured and characterized. Streptococcus 
oralis J22 (S. oralis) and Actinomyces naeslundii T14V-J1 (A. naeslundii) were grown in 
planktonic cultures and as dual-species biofilms on saliva-coated hydroxyapatite discs 
in the constant depth film fermenter (CDFF) for 96 h. SCAPs were challenged with 
conditioned media derived from the dual-species biofilms and the planktonic bacterial 
cultures. SCAPs viability and proliferation, inflammatory status and mineralization ca-
pacity were studied. The role of TLR2 signaling in mineralizing SCAPs cultures exposed 
to the bacterial/biofilm conditioned media was also investigated. One-way analysis of 
variance (ANOVA) with Tukey’s HSD post-hoc test and independent unpaired Student’s 
t-test were performed. The level of significance was set at a < 0.05. 

Results

Bacterial products from both growth modes (planktonic vs. biofilm) compromised cell 
viability, proliferation and mineralization capacity of SCAPs, but in a species- and 
growth mode-dependent fashion. While TLR4 expression remained unaffected, TLR2 
expression was upregulated coinciding with a pro-inflammatory activation of SCAPs. 
Moreover, TLR and its downstream TGF-β-associated kinase (TAK1) appeared to be 
blocking mineralization, as inhibition of these factors restored it. 

Conclusions

Bacterial products promoted the pro-inflammatory status and inhibited mineralization 
of human SCAPs in a TLR-, species-, and culture-dependent fashion. TLR2 emerged as 
the pivotal mediator of these responses and further research is warranted towards the 
judicious manipulation of SCAPs in order to modify the untoward events of TLR-prim-
ing and signaling.

Introduction

Dental caries and traumatic injuries constitute the major risk factors for the develop-
ment of endodontic disease. These conditions create an adverse microenvironment, in 
which the dental pulp is compromised by invading opportunistic bacterial pathogens 
of the oral flora. Without treatment, inevitably pulpal necrosis will occur together with 
root canal system infection (endodontic infection) and inflammation that causes bone 
resorption (apical periodontitis). In adolescents, where root development is still in 
progress, these infections inhibit further root formation, which reduces the long-term 
tooth survival. Current regenerative endodontic procedures include the disinfection 
of the root canal system that generates a conductive environment to heal the apical 
periodontitis and that is inductive to deposit mineralized tissue and complete the root 
maturation1. 

The current clinical procedures start with disinfection regimens2, which facilitate 
further root maturation by local stem cells. These stem cells reside mainly in the most 
apical part of the dental papilla, namely the apical papilla (stem cells from the apical 
papilla or SCAPs) and exhibit a high mineralization potential3,4. Unfortunately, it proves 
impossible to fully sterilize an infected root canal environment in teeth with incomplete 
root development5. This is partly due to the minimal mechanical preparation and cau-
tious irrigation that are employed to prevent loss/washing out of important repair cells, 
such as SCAPs6,7. Therefore, while dental pulp regeneration after these disinfection pro-
cedures is sub-optimal at best8-11, it is on the other hand not compromised in the absence 
of bacteria12-18. Interestingly, residual infections negatively impact on the mineralization 
process of root formation in immature teeth19. 

Pathogen associated molecular patterns (PAMPs), such as lipopolysaccharides (LPS) or 
whole bacterial extracts, inhibit the mineralization capacity of human dental pulp stem 
cells (DPSCs)20,21. In fact, also a mono-species biofilm disrupted the mineralizing capac-
ity of SCAPs in vitro22. This is relevant because biofilms occur naturally in the root canal 
system23 and produce PAMPs that might affect the phenotype of residing cells24.

Bacterial components act on cells via binding and activation of specific receptors 
including the Toll-like receptors (TLR)25. TLR expression and signaling is of particular 
importance on phagocytic immune cells, but expression of TLRs is ubiquitous and in-
cludes mesenchymal stem cells (MSCs) as well26-29. However, the downstream influence 
of TLR activation on the mineralization potential of MSCs is variable and depends on 
the type of agonist, the type of TLR and the origin of the MSCs26,27,30-33. In particular, the 
expression of TLR2 by human DPSCs34 seems to be relevant for endodontic regenerative 
procedures as, in vitro, LPS activates TLR2 on DPSCs causing an inhibition of mineral-
ization capacity 20. In fact, Gram-positive bacteria show a strong persistence and may 
survive root canal disinfection procedures35,36, after which these interact with homed 
SCAPs. This interaction is dictated by structural components, such as lipoproteins, 
lipoteichoic acid (LTA) and peptidoglycans which constitute the major TLR2-induc-
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tive PAMPs37. The further development and optimization of endodontic regenerative 
procedures would benefit from a better understanding of the consequences of TRL2 
activation in SCAPs.

Regenerative endodontic procedures in infected immature teeth result in an encounter 
between homed SCAPs and bacterial/ biofilm components. To establish predictable 
clinical protocols promoting intra-radicular hard tissue formation, the influence of bac-
teria/ biofilm on SCAP mineralization efficiency and the associated signaling pathways 
are important. Here we investigated the response of SCAPs, in terms of basic cellu-
lar function and mineral formation, when exposed to bacterial and biofilm secreted 
products and whether TLR2 signaling plays a role in the mineralizing fate of bacterial/ 
biofilm-primed SCAPs.

Materials And Methods

Isolation, culture and characterization of human SCAPs 

The use of extracted teeth was approved for research purposes by the Institutional 
Review Board of the University Medical Center Groningen (Medisch Ethisch Toetsings-
commissie, Universitair Medisch Centrum Groningen, registration number 201501165). 
The donors did not participate in any other part of the experimental protocol. There-
fore, the study was judged as not falling under the scope of the Medical-Scientific 
Act for research with humans (METc 2015.584). Collection of extraction teeth was 
performed in accordance with the relevant guidelines and regulations after informed 
consent was obtained from the participants. The apical papilla was retrieved from im-
mature impacted third molars that were extracted from young patients (age 16-18 years) 
who presented for scheduled tooth extraction at the Oral and Maxillofacial Surgery 
Department, University Medical Center Groningen, the Netherlands, for reasons not 
related to our experimental protocol. 

Immediately after extraction, the teeth were placed in ice-cold DMEM (Lonza Biowhit-
taker, Verviers, Belgium), supplemented with 2 mM L-glutamine (Lonza Biowhittaker, 
Verviers, Belgium), 300 U/mL Penicillin/Streptomycin (Gibco, Invitrogen, Carlsbad, CA) 
and 0.75 μg/mL amphotericin B (Fungizone®, Gibco, Invitrogen). The apical papilla was 
separated from the root tips with forceps and minced into tiny pieces with a scalpel. 
The minced pieces were digested in PBS containing 3 mg/mL collagenase type I (Sigma 
Aldrich), 4 mg/mL dispase (Sigma Aldrich), 300 U/mL Penicillin/Streptomycin and 
0.75 μg/mL amphotericin B under constant agitation, at 37°C for 1 h. After digestion, 5 
volumes of DMEM, supplemented with 10% foetal bovine serum (FBS) (Thermo Scien-
tific, Hemel Hempstead, UK), 200 U/mL Penicillin/Streptomycin, 0.50 μg/mL ampho-
tericin B and 2 mM L-glutamine was added and centrifuged (300 ×g, 4˚C, 5 min). Cells 

were re-suspended in the above culture medium and passed through a 70-μm strainer 
(Beldico, the Netherlands) to obtain single-cell suspensions. The cells were seeded in 
25-cm2 culture flasks (Corning® Costar®, Sigma-Aldrich) and incubated in a humidified 
incubator at 37°C with 5% CO2. Media were refreshed after 3 days. After 1 week, DMEM 
supplemented with 10% FBS, 2 mM L-glutamine and 100 U/mL Penicillin/Streptomycin 
was added (hereafter called culture medium). After reaching 80-90% confluency, cells 
were transferred in a 75-cm2 culture flask (Corning® Costar®, Sigma-Aldrich) (passage 
1) and thereafter sub-cultured at a ratio 1:3. SCAPs from passages 3-5 were used for all 
experiments.

To determine CD surface marker expression, SCAPs from passage 3 were analysed by 
flow cytometry (FACS) (FACSCalibur, BD Biosciences, Franklin Lakes, NJ, USA). The 
following fluorochrome-conjugated anti-human monoclonal antibodies were used: 
CD31-phycoerythrine/cyanine7 (Pe/Cy7; IQ Products, Groningen, The Netherlands), 
CD45-fluorescein isothiocyanate (FITC; IQ Products), CD44-FITC (BD Bioscience), 
CD29-APC (eBiosience, Vienna, Austria), CD90-allophycocyanin (APC; BD Bioscience, 
San Jose, CA, USA) and CD105-Pe/Cy7 (eBioscience). Details are provided as Supple-
mental Methods S1 online. To confirm their multilineage differentiation potential, 
SCAPs from passage 3 were assessed for their osteogenic, adipogenic and smooth mus-
cle differentiation capacity. Details are provided as Supplemental Methods S2 online. 

Bacterial strains and growth conditions 

The clinical isolates Streptococcus oralis (S. oralis) J22 and Actinomyces naeslundii  
(A. naeslundii) T14V-J1 were used. The bacteria were streaked on blood agar plates and 
grown aerobically for S. oralis and anaerobically for A. naeslundii at 37°C for 24 h. A 
single colony was used to inoculate 10 mL modified Brain Heart Infusion broth (37.0 
g/L BHI, 1.0 g/L yeast extract, 0.02 g/L NaOH, 0.001 g/L Vitamin K1, 5 mg/L L-cyste-
ine-HCl, pH 7.3) (BHI, Oxoid Ltd., Basingstoke, Hampshire, UK) and both bacteria 
were grown for 24 h under the appropriate conditions (pre-cultures).

Pre-cultures were used to inoculate 50 mL modified BHI (1:20 dilution) and grown for 
16 h (main cultures). Bacteria were harvested by centrifugation (6350 ×g, 10°C, 5 min) 
and washed twice in sterile adhesion buffer (0.147 g/L CaCl

2, 0.174 g/L K2HPO4, 0.136 g/L 
KH2PO4, 3.728 g/L KCl, pH 6.8). The bacterial pellets were suspended in 10 mL sterile 
adhesion buffer and sonicated intermittently in ice-water for 3 × 10 sec at 30 W (Vibra 
cell model 375, Sonics and Materials Inc., Newtown, CT, USA) to break bacterial chains 
or aggregates. Bacteria were counted in a Bürker-Türk counting chamber (Marien-
feld-Superior, Germany) and diluted in sterile adhesion buffer. 

Biofilm formation in constant depth film fermenter (CDFF) 

The CDFF38 was equipped with 15 sample holders and each sample holder with 5 sali-
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va-coated hydroxyapatite (HA) discs, recessed to a depth of 250 µm. For the saliva coating 
of the HA disks, freeze-dried whole saliva from at least 20 healthy volunteers of both 
genders was used39. All volunteers gave their informed consent to saliva donation, in 
agreement with the guidelines set out by Institutional Review Board of the University 
Medical Center Groningen, the Netherlands. Briefly, the freeze-dried saliva was dissolved 
in 30 mL adhesion buffer (1.5 g/L), stirred for 2 h and centrifuged at 10,000 ×g, 10°C for 5 
min. Then, the HA discs used for biofilm growth were placed in the sample holders and 
exposed to the reconstituted saliva under static conditions, at 4°C for 14 h. Subsequently, 
the sample holders were rinsed with adhesion buffer, placed in the sterile CDFF and 200 
mL of a dual-species bacterial suspension consisting of 6 × 108 bacteria/mL for S. oralis 
J22, and 2 × 108 bacteria/mL for A. naeslundii T14V-J1 was introduced in the CDFF. The 
bacterial suspension was admitted under continuous supply (flow rate 100 mL/h), while 
the CDFF table with the sample holders was rotating slowly (1 rpm). After 2 h, the rota-
tion was stopped for 1 h to allow for bacterial adhesion onto the saliva-coated HA discs. 
Finally, rotation was resumed (8 rpm) and biofilms were grown under continuous supply 
of modified BHI (flow rate of 45 mL/h), at 37˚C, for 96 h in the CDFF.

Bacterial conditioned media 

After 96 h of incubation in the CDFF, 10 biofilm-carrying HA disks were first dipped 
three times in sterile PBS (to remove non-adherent bacteria), then transferred into 50 
mL antibiotic-free cell culture medium (DMEM supplemented with 10% FBS and 2mM 
L-glutamine) in sterile beakers and incubated in ambient air, at 37°C for 16 h. Next, the 
biofilm conditioned medium with the biofilm-carrying HA discs were sonicated in iced 
water, intermittently, at 30 W, for 2 min. Intermittent sonication in iced water, at 65 W, 
for 2 min followed for further mechanical disruption of biofilms and release of tightly 
bound extracellular polymeric substances (EPS) components from the biofilm matrix 
in the conditioned medium40. Collection of the conditioned media containing soluble 
extracellular products secreted from the organized bacterial communities as well as 
loosely and tightly bound EPS from the biofilm matrix was done by centrifugation 
(10,000 ×g, 10°C, for 5 min). Finally, the supernatant was passed through a 0.2 μm filter 
(Corning). Sterility of the conditioned medium was confirmed by spot plating 10 µL 
aliquots on blood agar plates followed by overnight incubation in aerobic and anaerobic 
conditions.

For the collection of conditioned media from the mono-species grown in planktonic 
cultures of, S. oralis J22 and A. naeslundii T14V-J1 derived from the respective main 
cultures were washed twice with PBS, centrifuged (6350 ×g, 10°C, 5 min) and suspended 
in 10 mL PBS. Next, bacteria were counted and 1 × 108 bacteria/mL suspended in 50 mL 
antibiotic-free culture medium (DMEM supplemented with 10% FBS and 2 mM L-glu-
tamine). The planktonic cultures were incubated in ambient air, at 37°C for 16 h for S. 
oralis and in an anaerobic chamber, at 37°C for 16 h for A. naeslundii. The conditioned 
media containing bacterial components and soluble secreted extracellular products 

were collected by centrifugation (10,000 ×g, 10°C, for 5 min), after an intermittent 
sonication in iced water, at 30 W, for 2 min. Following, the supernatants were filtered 
through a 0.2 μm filter. Sterility was confirmed by spot plating 10 µL aliquots on blood 
agar plates followed by overnight incubation in the appropriate conditions.

For the collection of conditioned media from the dual-species grown in planktonic 
culture the mono-species conditioned were combined. Briefly, due to the predominance 
of S. oralis J22 in the cultures and the lack of resemblance to the bacterial composition 
encountered in the CDFF dual-species biofilms (3:1 ratio for S. oralis J22 and A. naeslun-
dii T14V-J1 respectively), collected conditioned media from the mono-species grown in 
planktonic cultures were combined in a ratio 3 (S. oralis):1 (A. naeslundii). 

Optimization of conditioned media dilution 

In order to find the maximum concentration of conditioned media capable of inducing 
an effect and maintaining the SCAPs population for extended time periods, a serial 
dilution cytotoxicity assay based on the conversion of the methyl-thiazolyl-diphenyl 
tetrazolium bromide (MTT) was performed. Details are provided as Supplemental 
Methods S3 online. 

MTT assay (for assessing cell viability as a surrogate outcome)

Human SCAPs (passage 3) were seeded onto flat bottom 96-multiwell plates at a cell 
density of 1 × 103 cells/well and incubated with 150 µL culture medium in a humidified 
incubator at 37°C with 5% CO2 for 24 h. Next, the spent media were decanted and 150 
µL of the different conditioned media was added to each well. Cells cultured in culture 
media served as controls. The media were refreshed every 48 h. At the end-point of the 
assay (7 days), the wells were washed once with 150 µL PBS and 150 µL of the different 
conditioned media (or culture media for the control group) containing 0.5 mg/mL MTT 
was added. The plates were incubated for 4 h in a humidified incubator at 37°C with 5% 
CO2. Following incubation, media were decanted, 150 µL of DMSO (Dimethyl Sulf-
oxide) (Sigma-Aldrich, Amsterdam, the Netherlands) was added to each well and the 
plates were covered with aluminium foil and agitated on an orbital shaker for 15 min. 
Next, the absorbance was measured at a wavelength of 570 nm (with a reference filter 
of 650 nm) with a Benchmark microplate reader (Bio-Rad Laboratories, Hercules, CA). 
The assay was repeated 3 independent times (cell cultures) with triplicate samples for 
each group.
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Proliferation assay 

Human SCAPs (passage 3) were seeded onto flat bottom 96-multiwell plates at a cell 
density of 1 × 103 cells/well and grown as in the former section. After 7 days, immuno-
cytochemical staining of the human Ki-67 proliferation marker was performed. Details 
of the staining protocol are provided as Supplemental Methods S4 online. The Tiss-
ueFAXS microscopy system (TissueGnostics GmbH, Vienna, Austria) was used to fully 
scan each well with the DAPI and Texas red filters at 10x magnification sequentially. 
Analysis of the captured images was carried out with Tissue Quest 4.01.0127 software 
(TissueGnostics GmbH, Vienna, Austria). Results were expressed as % of positive cells 
for Ki-67 to the total of DAPI stained cells. The assay was repeated 3 independent times 
(cell cultures) with triplicate samples for each group.

Mineralization 

Human SCAPs (passage 3) were seeded onto 12-well plates at a cell density of 4 × 104 

cells/well and incubated with culture medium. Mineralizing conditioned media (mD-
MEM) were prepared by first diluting the different conditioned media in culture media 
to their optimum maximum concentration and then by adding 10-8 M dexamethasone, 
5 mM β-glycerophosphate, 50 μM ascorbic acid and 2 mM KH2PO4 (all reagents from 
Sigma, St Louis, MO, USA). Upon reaching confluency, the spent media were decant-
ed and 1 mL from the different mineralizing conditioned media was added. Cells were 
cultured for 14 days with media refreshment every 3 days. Subsequently, cells were 
fixed with 2% PFA in PBS for 30 min, washed three times with PBS and incubated with 
PBS containing 1µg/ml 4’,6-diamidino-2-phenylindole (DAPI), in room temperature 
and dark conditions, for 15 min. The TissueFAXS microscope system was used to fully 
scan each well with the DAPI filter at 10× magnification and quantification of the DAPI 
stained nuclei was carried out with Tissue Quest 4.01.0127 software. Next, the wells 
were washed three times with sterile demineralized water and incubated with 40 mM 
Alizarin Red-S (AR-S) (pH 4.2), in room temperature under gentle shaking for 20 min. 
The non-incorporated dye was aspirated and the wells were washed five times with 
sterile demineralized water for reduction of the unspecific staining. Finally, the wells 
were scanned again using the TissueFAXS microscope system and images were cap-
tured before applying an established protocol for extraction and quantification of AR-S 
from the stained monolayers41. Details of the protocol for dye extraction and quantifica-
tion are provided as Supplemental Methods S5 online. The moles of calcium deposited 
per cell were extrapolated based on the principle that 1 mole of AR-S binds to 2 moles of 
calcium42. The staining was repeated 3 independent times (cell cultures) with triplicate 
samples for each group and during quantification triplicate absorbance read-outs were 
performed.

Gene expression analysis 

Human SCAPs (passage 3) were seeded onto 6-well plates at a cell density of 1 × 105 cells/
well and incubated with culture medium. Upon reaching confluency, the spent media 
were decanted and 2 mL from the different mineralizing conditioned media was added. 
The samples were cultured for 14 days with media refreshment every 3 days. Total RNA 
was extracted with the RNeasy® Plus Mini Kit (Qiagen), according to manufacturer’s 
instructions. Concentration and purity of the extracted RNA were checked by means 
of a spectrophotometer (NanoDrop 2000, Thermo Scientific, Pittsburgh, PA). Details 
about the complementary DNA synthesis are provided as Supplemental Methods S6 
online.

Gene expression levels were determined by RT-qPCR for DSPP, ALPL, BGLAP, BMP2, 
BMP7, as mineralization differentiation marker genes, TNFA, IL6, IL8 as inflammation 
marker genes and TLR2 and TLR4, as immunophenotypical transition marker genes. 
All primers were purchased from Sigma-Aldrich (KiCqStart™ Primers) and are listed 
in Supplemental Table 1. The detailed RT-qPCR protocol is provided as Supplemen-
tal Methods S7 online. The expression levels of the target genes were obtained via the 
ΔΔC

T method after normalization using β2 microglobulin (B2M) as reference gene and 
as relative induction compared to non-mineralized control. The assay was repeated 
three times independently (cell cultures) with duplicate samples.

 

TLR2/4 blocking and mineralization 

TLR2/4 signaling was inhibited with OxPAPC (InvivoGen, San Diego, CA, USA), a 
mixture of oxidized phospholipids competing upstream with the TLR2/4 accessory 
proteins. Additionally, in a separate set of experiments, a pivotal downstream mediator 
of TLR2/4 signaling, TGF-β-associated kinase – TAK1, was also inhibited with 5Z-7-ox-
ozeaenol (Sigma-Aldrich). Human SCAPs (passage 3) were seeded onto 48-well plates 
at a cell density of 2 × 104 cells/well and incubated with culture medium. Upon reaching 
confluency, the spent media were decanted and 0.5 mL from the different mineralizing 
conditioned media containing either 5 μM OxPAPC (reconstituted in chloroform) or 6 
μM 5Z-7-oxozeaenol (reconstituted in DMSO) were added. The cells were cultured for 14 
days, with the mineralizing conditioned media and the inhibitors being refreshed every 
3 days. Cells incubated with the different mineralizing conditioned media containing 
chloroform and DMSO, served as controls. Following, an in vitro functional mineral-
ization assay based on AR-S staining and quantification was performed as described 
above.

Statistical analysis 

Statistical analysis was performed using SPSS software (Version 22.0, IBM Corp., Ar-
monk, NY, USA). All data were expressed as mean ± standard deviation (SD). Normal-
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ity of data distribution was assessed with the Shapiro-Wilk test. One-way analysis of 
variance (ANOVA) with a Tukey’s Honest Significant Difference (Tukey’s HSD) multiple 
comparison post-hoc test was performed to assess SCAPs cell viability, proliferation ca-
pacity, mineralization efficiency and relative gene expression (log2 mRNA fold-change) 
after exposure to the various conditioned media (a = 0.05). Independent unpaired 
Student’s t-test was used to compare differences in the mineralizing efficiency between 
each pair of similarly exposed SCAPs, with and without the addition of the TLR2 inhib-
itors (a = 0.05).

Data availability 

The datasets generated and analysed during the current study are available from the 
corresponding author on reasonable request.

Results

Morphological characteristics, immunophenotypical analysis of cell-surface markers and 
multilineage differentiation capacity of isolated human SCAPs (Supplemental Figure S1) 
Confluent cultures of human SCAPs at passage 3 exhibited fibroblast-like morphological 
characteristics, with elongated and spindle-shaped cells present in the cell culture. The 
multilineage differentiation of SCAPs towards osteogenic, adipogenic and smooth-mus-
cle was verified by AR-S, Oil-Red-O and phalloidin-FITC staining respectively. Further-
more, immunophenotypical analysis of CD surface markers, revealed high positivity 
for markers associated with mesenchymal stromal cell phenotypes (CD- 44, 29, 90, 105) 
and extremely low positivity for markers associated with endothelial (CD31) and hema-
topoietic (CD45) cells.

Determination of the optimal maximum concentration of conditioned media (Supplemental 
Figure S2)

The initial MTT-based cytotoxicity screening of the different conditioned media yielded 
a concentration of 25% conditioned media as the optimal maximum concentration of 
exposure. SCAPs mitochondrial activity seemed to be unaffected by any concentration 
changes until the 25% concentration cut-off point, with any increase further causing an 
abrupt decline on cells’ viability. The same dose-response curve applied for all different 
conditioned media.

SCAPs cell viability is diversely affected, depending on the imposed stimuli (Supple-
mental Tables 2-4)

Irrespective of the origin of the conditioned media, these all significantly reduced the 
cell viability of SCAPs compared to non-stimulated controls (DMEM), as assessed by 
MTT conversion (P ≤ 0.001, Fig. 1). Conditioned media from planktonic S. oralis J22 
planktonic and dual species biofilm cultures most strongly suppressed cell viability, 
followed by the dual species planktonic and A. naeslundii T14V-J1 cultures. 

Figure 1. Comparison of cell viability of human SCAPs after 7-day exposure to the different con-
ditioned media (one-way ANOVA test, [F(4,40)=222.042, P < 0.001]). Bars represent mean values; 
error bars indicate standard deviation (SD). Each small letter in parentheses (a-e) represents a re-
spective group of conditioned media. The small letters above the error bars of each group indicate 
significant differences with the other groups, as yielded by the multiple comparisons test (post-hoc 
Tukey HSD test). Statistical significance is represented by * for P ≤ 0.05 and ‡ for P ≤ 0.001. AN, 
A. naeslundii T14V-J1; SO, S. oralis J22; DSP, dual-species planktonic; DSB, dual-species biofilm; 
control, culture medium (DMEM).

SCAPs proliferation is reduced in a bacterial species-dependent fashion 
Supplemental Tables 5-7)

Irrespective of the origin of the conditioned media, these all significantly reduced the 
proliferation of SCAPs compared to non-stimulated controls (DMEM), as assessed by 
the immunocytochemical Ki-67 nuclear staining (P ≤ 0.001, except for A. naeslundii 
T14V-J1 where P ≤ 0.05). Conditioned media from S. oralis J22 planktonic and dual spe-
cies biofilm cultures most strongly inhibited SCAPs proliferation, followed by the dual 
species planktonic and A. naeslundii T14V-J1 cultures (Fig. 2). 
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Mineralization of SCAPs is inhibited in a bacterial species and culture-dependent 
fashion (Supplemental Tables 8-10)

Irrespective of the origin of the conditioned media, these all significantly reduced the 
normalized (i.e. on a per cell level) extracellular calcium deposited by SCAPs compared 
to non-stimulated mineralizing controls (mDMEM), as assessed by the colorimetric 
quantification of the AR-S-stained extracellular calcium deposits (P ≤ 0.001). Condi-
tioned media from S. oralis J22 planktonic cultures most strongly inhibited mineraliza-
tion, while conditioned media from A. naeslundii T14V-J1 planktonic cultures had the 
least influence. Interestingly, conditioned media from the dual-species biofilm (co-cul-
tured A. naeslundii and S. oralis) had a stronger impact on the mineralization reduction 
of SCAPs compared to their combined planktonic media, with the latter showing an 
intermediate inhibitory influence on mineralization (Fig. 3A). Representative micro-
graphs of the whole 12-well plates from each group are presented (Fig. 3B). 

Dentinogenic potential is abolished while mineralization- and inflammation- associated 
gene expression is regulated in a bacterial species and culture-dependent fashion

Irrespective of the bacterial species or (co)culture conditions, their products abolished 
expression of DSPP in SCAPs during mineralization, while the control showed upregu-

Figure 2. Comparison of the proliferation capacity of human SCAPs after 3-day exposure to the 
different conditioned media (one-way ANOVA test, [F(4,40)=181.487, P < 0.001]). Bars represent 
mean values; error bars indicate standard deviation (SD). Each small letter in parentheses (a-e) 
represents a respective group of conditioned media. The small letters above the error bars of each 
group indicate significant differences with the other groups, as yielded by the multiple compar-
isons test (post-hoc Tukey HSD test). Statistical significance is represented by * for P ≤ 0.05, † 
for P≤0.01 and ‡ for P ≤ 0.001. Ki-67+, Ki-67 positive SCAPs; DAPI+, DAPI positive SCAPs; AN, 
A. naeslundii T14V-J1; SO, S. oralis J22; DSP, dual-species planktonic; DSB, dual-species biofilm; 
control, culture medium (DMEM). Figure 3. Mineralization capacity of human SCAPs exposed to the different mineralizing condi-

tioned media. (A) Comparison of the extracellular calcium deposited by human SCAPs (normalized 
per cell level) after 14-day exposure to the different mineralizing conditioned media (one-way 
ANOVA test, [F(4,40)=1000.310, P < 0.001]). Bars represent mean values; error bars indicate 
standard deviation (SD). Each small letter in parentheses (a-e) represents a respective group of 
conditioned media. The small letters above the error bars of each group indicate significant dif-
ferences with the other groups, as yielded by the multiple comparisons test (post-hoc Tukey HSD 
test). Statistical significance is represented by ‡ for P ≤ 0.001. (B) Alizarin Red staining composite 
microscope images from the different groups of conditioned media and the respective control. 
Each micrograph represents the whole 12-well and consists of serial micrographs as captured 
by the Tissue FAXS microscope system. S. oralis J22 and dual-species biofilm conditioned media 
elicited considerable abatement of mineralization compared to A. naeslundii T14V-J1 and dual-spe-
cies planktonic groups respectively. Scale bars represent 1cm. AN, A. naeslundii T14V-J1; SO, S. 
oralis J22; DSP, dual-species planktonic conditioned media; DSB, dual-species biofilm conditioned 
media; control, mineralizing DMEM (mDMEM). 

lated expression of DSPP (Fig. 4Ai). All assessed relevant mineralization genes (RUNX2, 
ALPL, BGLAP, BMP2 and BMP7) were downregulated by bacterial products in miner-
alizing SCAPs (Fig. 4Bi-v). Similar to the influence of bacteria on calcium deposition, 
conditioned media from planktonic S. oralis J22 most strongly inhibited expression of 
mineralizing genes, while A. naeslundii T14V-J1 conditioned media showed only little 
suppression. In fact, the presence of A. naeslundii in planktonic or biofilm co-cultures 
with S. oralis J22 suppressed the inhibitory influence of S. oralis on expression of miner-
alization genes (Fig. 4Bi-v).
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Figure 4. Relative expression of dentinogenic, mineralizing, pro-inflammatory, TLR2 and TLR4 
genes, as compared to control (DMEM) (fold-change equals to 1) and normalized to B2M reference 
gene after 14-day exposure of human SCAPs to the different mineralizing conditioned media. (Ai) 
DSPP expression was inhibited and (Bi-v) mineralizing genes were significantly downregulated. 
(Ci-iii) Pro-inflammatory genes and (Di) TLR2 showed significantly increased expression, as 
opposed to the expression of TLR4 which remained low and unaffected by the exposure to the dif-
ferent conditioned media (Dii). Bars represent mean values; error bars indicate standard deviation 
(SD). One-way ANOVA tests yielded significant values for all genes (P ≤ 0.001), except for TLR4.  
All pairwise comparisons (post-hoc Tukey HSD test) are provided in Supplementary Table 2. (E) 
The gene expression profile chart highlights the overall gene expression pattern of the studied 
genes, with the pro-inflammatory and TLR2 genes demonstrating the same trend, opposite to the 
trend of the mineralizing genes. The expression of TLR4 remained unaffected by the exposure of 
SCAPs to the different conditioned media. Control, culture medium (DMEM); AN, A. naeslundii 
T14V-J1; SO, S. oralis J22; DSP, dual-species planktonic conditioned media; DSB, dual-species 
biofilm conditioned media; mDMEM, mineralizing DMEM.

Figure 4. 

Compared to the expression of mineralization genes, secreted products of bacteria had 
an inverse influence on pro-inflammatory gene expression (TNFA, IL6 and IL8). While 
controls showed virtually no expression of pro-inflammatory genes, these was strongly 
upregulated by planktonic S. oralis conditioned medium in mineralizing SCAPs, even 
when S. oralis was in biofilm or planktonic co-culture with A. naeslundii T14V-J1 (Fig. 
4Ci-iii). A. naeslundii conditioned medium upregulated all three pro-inflammatory 
genes too, but to a lesser extent. The strong stimulation of pro-inflammatory gene 
expression from S. oralis was only marginally influenced by A. naeslundii, because 
conditioned media from co-cultures (planktonic and biofilm) still strongly promoted 
expression of TNFA, IL6 and IL8 (Fig. 4Ci-iii). 

TLR2 (but not TLR4) gene expression is regulated in a bacterial species and  
culture-dependent fashion

The expression of TLR2, which is a specific receptor for Gram+ pathogen-associated mo-
lecular patterns (PAMPs), i.e. bacterial products, was low on mineralizing SCAPs (Fig. 
4Di). Incubation with conditioned media upregulated TLR2 expression, irrespective of 
source or culture condition. The expression pattern, however, was remarkably similar 
to the expression of pro-inflammatory genes (Fig. 4Ci-iii, Di), with a relatively low 
upregulation induced by A. naeslundii T14V-J1 conditioned medium and high upregula-
tion by conditioned media from S. oralis monocultures or co-cultures with A. naeslundii 
T14V-J1, either planktonic or in biofilm (Fig. 4Di). The expression of TLR4 remained 
unaltered and remarkably low after incubation of SCAPs either with the control miner-
alizing media (MDMEM) or with the various conditioned media (Fig. 4Dii). 

Overall, a correlative gene expression profile chart highlighted the gene expression 
trend among the groups and justified the hypothesis that the abatement of the miner-
alization efficiency of human SCAPs could be mediated primarily through the TLR2 
signaling transduction pathway (Fig. 4E). 
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Detailed pairwise comparisons and statistically significant differences are presented in 
Supplemental Table 13.

Bacterial activation of TLR signaling inhibits mineralization 

To corroborate the hypothesis of TLR involvement in the attenuation of the mineral-
ization efficiency of human SCAPs, AR-S staining was performed after the continuous 
pharmacological inhibition of the TLR signaling, either after adding a TLR2/4 inhibitor 
(upstream) or a TAK1 inhibitor (downstream) during the 14-day exposure of the cells to 
the various bacterial conditioned media. Quantification of the extracted dye was per-
formed, as described previously. No difference was observed in the mineralizing control 
groups (mDMEM) after TLR2/4 or TAK1 blockade. All experimental groups showed a sig-
nificant increase in terms of extracellular amounts of deposited calcium, after prolonged 
upstream TLR2/4 blockade or downstream TAK1 blockade (P ≤ 0.001) (Fig. 5A). Upon vi-
sualization, the density of the stained calcium deposits had increased in all experimental 
groups after both upstream (TLR2/4) and downstream (TAK1) blocking of TLR signaling, 
compared to the corresponding controls groups without inhibitors. Microscopically, this 
difference was conspicuously visible in the groups exposed to the conditioned media 
derived from S. oralis J22 and dual-species biofilm cultures, in which mineralization was 
also markedly decreased before any inhibition had taken place (Fig. 5B). 

Discussion

The main finding of our study was that exposure to products from endodontopathogen-
ic bacteria (S. oralis J22 and A. naeslundii T14V-J1) inhibited mineralization of human 
SCAPs in a TLR-dependent fashion. This was evidenced by the re-establishment of 
SCAPs mineralization capacity firstly, after blocking upstream the TLR signaling path-
way and secondly after blocking downstream one of the pivotal mediators of TLR acti-
vation (and also a central hub of inflammatory signaling-TAK1-). Evidence at the gene 
expression level pointed out clearly towards the TLR2 (and not TLR4) as being the piv-
otal molecule regulating this effect. A second finding was that the degree of inhibition 
of mineralization was highly dependent on the bacterial species and their growth mode 
(biofilm vs. planktonic cultures). S. oralis J22, grown either as planktonic monoculture 
or in dual-species biofilms with A. naeslundii T14V-J1, strongly inhibited mineralization 
and caused a significant upregulation of inflammatory markers in SCAPs. A. naeslundii 
T14V-J1 induced only a low degree upregulation of SCAPs inflammatory markers, which 
was coupled with a lower inhibition of mineralization as well. Allegedly, the bacterial 
products of A. naeslundii T14V-J1 appeared to rescue the inhibition of mineralization 
induced by S. oralis J22 products, while mitigating also the inflammatory phenotypical 

Figure 5. Mineralization capacity of human SCAPs 14 days after continuous blockade of TLR2/4 or 
TAK1 and exposure to the different mineralizing conditioned media. (A) Comparison of the extra-
cellular calcium deposited by human SCAPs (normalized per cell level) exposed to the TLR2/4- and 
TAK1- supplemented mineralizing conditioned media against the un-supplemented mineralizing 
control media (independent samples t-test). Significantly increased deposition of extracellular 
calcium was detected in all groups after blockade of the signaling (‡ for P ≤ 0.001), except from 
the control groups (mDMEM). Bars represent mean values; error bars indicate standard deviation 
(SD). (B) Alizarin Red staining microscope images demonstrating the re-establishment of SCAPs 
mineralization efficiency after blocking upstream (TLR2/4 inhibitor) and downstream (TAK1 
inhibitor) the TLR pathway. Scale bars represent 10μm. w/o inhibitors, without inhibitors; AN, 
A. naeslundii T14V-J1; SO, S. oralis J22; DSP, dual-species planktonic; DSB, dual-species biofilm; 
control, mineralizing DMEM (mDMEM).
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shift of SCAPs. However, this rescuing effect seemed to be highly dependent on the 
growth mode, as bacterial products of dual-species biofilms compromised mineraliza-
tion capacity of SCAPs stronger than products from their respective mixed planktonic 
cultures.

The exposure of SCAPs to planktonically and biofilm-released bacterial products led to 
a different degree of upregulated TLR2 gene expression. A well-established fact is that 
specific bacterial structures derived from Gram-positive bacteria elicit TLR2-mediated 
responses from eukaryotic cells equipped with this recognition molecule37. However, 
this is the first report that demonstrates different TLR2-dependent dental stem cell 
responses after exposure to different Gram-positive species. This call for studies that 
investigate TLR-mediated dental stem cell behavior on a species-dependent and not 
only on specific bacterial structural motif level. S. oralis and A. naeslundii are clinical-
ly relevant bacterial species; both are resistant to endodontic disinfection procedures 
and persistently present even in previously disinfected root canals35,36. Although their 
capacity to aggregate and form robust multi-species biofilms is established43, the mecha-
nisms of their impact on stem cell fate are poorly investigated. Indeed, exposure to S. 
oralis products had detrimental effects on the basic cell processes and the mineralizing 
efficiency of SCAPs. For this specific bacterial species, surface components (other than 
the frequently reported LTA and peptidoglycans) involved to bacterial adhesion and 
colonization events might have contributed to this considerably high TLR2 gene expres-
sion and the inflammatory SCAPs polarization observed44,45. Interestingly, A. naeslundii 
T14V-J1 products led only to a minor decline. Indeed, when A. naeslundii T14V-J1 was 
combined with S. oralis J22, irrespective of the culture or growth conditions, inhibition 
of mineralization seemed to be dampened. To the best of our knowledge, there is no 
specific evidence describing the action of A. naeslundii on SCAPs or other dental stem 
cells, thus making any speculations on the observed responses rather precarious. The 
componential characterization of the conditioned media could elucidate the intriguing 
results of this study and further research is warranted. However, taking as a fact that 
A. naeslundii T14V-J1 products impair SCAPs mineralization capacity only to a minor 
degree, a ‘dilution effect’ of the deleterious components derived from the S. oralis J22 
cannot be excluded. Thus, the rescuing effect of A. naeslundii T14V-J1 observed could 
merely reflect a quantitative shift of the conditioned media components towards a more 
favorable equilibrium for the SCAPs. 

Especially for the SCAPs response to the dual-species biofilm conditioned media, 
components of the biofilm matrix should be acknowledged as a contributing factor. The 
production of matrix components, such as polysaccharides and proteins vary depend-
ing on growth mode (planktonic vs. biofilm) both in qualitative and quantitative terms, 
with biofilm outperforming the respective planktonic cultures46,47. Also, the presence of 
biofilm matrix components seems capable of triggering TLR2 signaling48,49. Moreover, 
during the phenotypic switch from planktonic to biofilm phase, the secreted or released 
bacterial products could change50,51. It has been shown that the osteogenic differenti-
ation of human bone marrow mesenchymal stem cells is inhibited by biofilm compo-
nents in a TLR2-dependent fashion52. Our results corroborate these findings, because 

biofilm-derived products compromised significantly the osteogenic differentiation of 
SCAPs in a TLR2-dependent fashion. 

Osteogenesis and dentinogenesis are governed by similar stimuli and underlying 
pathways, yet formation of dentin is specific for teeth and requires expression of DSPP53. 
Interestingly, it has been reported that residual mono-species Enterococcus faecalis 
biofilms abrogate the dentinogenic potential of SCAPs, while their osteogenic capacity 
is maintained22. Our data concur partly with these results with regard to SCAPs only 
concerning the dentinogenic potential, as planktonic and biofilm bacterial products 
led to complete loss of DSPP gene expression. However, in our study, products from S. 
oralis J22 and A. naeslundii T14V-J1 planktonic and biofilm cultures caused a downregu-
lation of the mineralizing gene profile expression, with planktonic S. oralis J22 and the 
dual-species biofilm cultures eliciting a much more considerable effect. This indicates 
a species-dependent influence on osteogenic plasticity of SCAPs that likely depends on 
the composition and concentration of bacterial products. 

Binding of ligands from oral bacteria or their biofilms, activates TRL2 in TLR2-bearing 
cells54,55 and recruits adaptor protein myeloid-differentiation primary-response protein 
88 (MyD88). This activates transforming growth factor-β (TGF-β)-activated kinase 
(TAK1), a pivotal pro-inflammatory factor, that in turn activates the major inflamma-
tory transcription factors nuclear factor-κB (NF-κB) and p3856. Their activation upreg-
ulates expression of pro-inflammatory genes such as IL1B, IL6, IL8 and TNFA57,58. In 
this study, increased gene expression of TLR2, IL6, IL8 and TNFA correlated negatively 
with the expression of mineralizing genes and was associated with a reduced miner-
alizing capacity of SCAPs. Long-term exposure of SCAPs to pro-inflammatory stimuli 
has been shown to inhibit mineralization and reduce the expression of osteogenic 
and dentinogenic genes59. Pro-inflammatory stimulation of human DPSCs with TNFa 
impairs their mineralizing efficiency, that is rescued through inhibition of NF-κB, a 
major downstream mediator60,61. Our results show that inhibition of pro-inflammatory 
pathway mediators (TLR2/4 and TAK1) restore the mineralization capacity of SCAPs, 
which corroborates the findings with the DPSCs. The products of S. oralis caused a 
stronger pro-inflammatory activation than products of A. naeslundii, which might relate 
to differences in composition and concentration of products released by these bacteria. 
However, it still remains unclear why A. naeslundii products appeared to alleviate the 
pro-inflammatory stimulation by S. oralis products.

A pivotal transcription factor in osteogenic differentiation is Runx2, which is activat-
ed by mitogen-activated protein kinase (MAPK) p3862. Activation of p38 may occur 
canonically by activated TAK1, which could be activated by TLR2-bound bacterial 
ligands. TLR-activated p38 activates pro-inflammatory genes such as IL1B, TNFA, IL8, 
and IL6. Alternatively, non-canonically activated p38, e.g. by growth factors bound to 
receptor tyrosine kinases or by Wnt signaling, activates Runx2 that drives osteogenesis 
subsequently63. In vitro, MAPKs regulate of osteogenic differentiation of human MSCs64. 
Dental pulp stem cells which are closely related to SCAPs, also depend on growth 
factor-activated p38 for osteogenic differentiation65. Interestingly, ERK1/2 MAPK 
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inhibits osteogenesis, while p38 MAPK promotes osteogenic differentiation of human 
DPSCs66. Our results suggest that bacterial triggering of p38-induced pro-inflammatory 
activation supersedes growth factor-activated p38-driven osteogenesis. The underlying 
mechanism is unclear, but may relate to the increased expression of TLR2 which could 
amplify the pro-inflammatory signal, while the osteogenic stimulus is unchanged. This 
causes a fate shift from osteogenesis to inflammation. This is corroborated by the rescue 
of osteogenesis after inhibition of TLR2 or TAK1.

In summary, this study has highlighted the consequences that biofilm-derived compo-
nents bear on relevant dental pulp repair processes that are dependent on proper stem 
cell function and differentiation. Moreover, it has demonstrated the diverse effects that 
various PAMPs can have on stem cells functions. SCAPs acquired an immunological 
rather than a mineralizing phenotype when exposed to bacterial stimuli. The overall 
results suggest that the TLR2 pathway may act as a checkpoint of this immunopheno-
typical transition. Whether a cross-talk exists between the TLR2-induced pro-inflam-
matory activation and the signaling related to the mineralization of human SCAPs 
warrants further investigation. Our findings have clinical relevance and could facilitate 
the stem cell-mediated endodontic regenerative procedures. Firstly, they highlight the 
need for improvement of the disinfection protocols that could result in lowering the 
microbial burden to levels incapable of altering the stem cell functions. Secondly, they 
point towards the judicious manipulation of endogenously introduced human SCAPs 
(or exogenously implanted dental stem cells) in order to modify the untoward events of 
TLR-priming and signaling.
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Supplemental information

Supplemental Methods S1

1x106 SCAP were suspended in FACS buffer consisting of Dulbecco’s phosphate buffered 
saline (Ca++, Mg++ free) (Lonza Biowhittaker, Verviers, Belgium) and 1% (w/v) bovine serum 
albumin (Sigma-Aldrich, Boston, MA, USA) (PBS/1% BSA). Next, the cells were incubated for 
30 min at 4˚C in the dark with the following anti-human monoclonal antibodies: CD31-phy-
coerythrine/cyanine7 (Pe/Cy7; IQ Products, Groningen, The Netherlands), CD45-fluorescein 
isothiocyanate (FITC; IQ Products), CD90- allophycocyanin (APC; BD Bioscience, San Jose, 
CA, USA), CD29-APC (eBiosience, Vienna, Austria), CD44 FITC (BD Bioscience) and CD105-
Pe/Cy7 (eBioscience). As isotype controls, the following monoclonal antibodies were used: 
mouse IgG1 kappa-Pe/Cy7 (eBioscience), mouse IgG1 kappa-APC (eBioscience) and mouse 
IgG1 kappa-FITC (Biolegend, San Diego, CA, USA). Cells were washed three times with 
FACS buffer and after the last centrifugation (300xg, 5 min, 40C) they were suspended in 200 
μL FACS buffer before FACS analysis. 

Supplemental Methods S2

1x104 SCAP/well were seeded in 24-well plates (Corning® Costar®, Sigma-Aldrich) and 
incubated with culture medium. Upon reaching confluency, the medium was replaced by 
osteogenic, adipogenic or smooth muscle cell differentiation medium. Osteogenic medium 
consisted of culture medium supplemented with 100 nM dexamethasone, 10 mM b-glyc-
erophosphate and 50 μM ascorbic acid. Adipogenic medium consisted of culture medium 
supplemented with 100 nM dexamethasone, 1 nM insulin, 0.5 mM isobutymethylxanthine. 
Smooth muscle cell differentiation medium consisted of culture medium with 10 ng/mL 
Transforming Growth factor beta-1 (TGF-β1) (PeproTech, London). Cells were maintained in 
the differentiation media for 14 days with refreshment every 3 days. After 14 days, cells were 
fixed with 2% paraformaldehyde (PFA) in PBS for 30 min and stained with 40mM Alizarin 
Red-S (AR-S, pH 4.2) (Sigma Aldrich) to show mineralization (osteogenic differentiation), 
Oil-Red-O (Sigma- Aldrich, St. Louis, MO) to show lipid accumulation (adipogenic differ-
entiation) and Phalloidin-FITC (Invitrogen, Thermo Fisher Scientific), diluted 1:250 in PBS 
containing 1 µg/mL 4’,6-diamidino-2-phenylindole (DAPI) for 30 min to detect the F-actin 
cytoskeleton (smooth muscle cell differentiation). AR-S and Oil-Red-O staining were evalu-
ated with an inverted light microscope (Leica Microsystems, DM IL). Phalloidin-FITC stain-
ing was evaluated with an inverted fluorescent microscope (Leica Microsystems, DM IL).

Supplemental Methods S3

SCAP (passage 3) were seeded onto flat bottom multi-well plates (Corning® Costar® 96-Well 
Cell Culture Plates, Sigma-Aldrich) at a cell density of 1x103 cells/well and incubated with 

Supplemental Figure S1 (a-e). Characterization of stem cells from the apical papilla (SCAP) 
(passage 3). (a) Typical fibroblast-like cell morphology (elongated and spindle-shaped cells). (b) 
Osteogenic differentiation of SCAP, calcium deposits stained red, after Alizarin Red staining. 
(c) Adipogenic differentiation of SCAP, lipid droplet accumulation stained red, after Oil-
Red-O staining. (d) Smooth muscle cell-like differentiation of SCAP, F-actin stained green and 
nuclei stained blue, after phalloidin-FITC and DAPI staining respectively. (e) Flow cytometry 
analysis showed high positivity for cell surface markers associated with mesenchymal stromal 
cell phenotypes (CD- 44, 29, 90, 105) and extremely low positivity for markers associated with 
endothelial (CD31) and hematopoietic (CD45) cells.
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150 µL culture medium in a humidified incubator at 37˚C with 5% CO2 for 24 h. Next, 150 µL 
conditioned media serially diluted in culture media was added to each well. At the end-point 
(3 days), the wells were washed once with 150 µL PBS and 150 µL of culture media containing 
0.5 mg/mL MTT (Sigma-Aldrich, Amsterdam, the Netherlands) was added. The plates were 
incubated for 4h in a humidified incubator at 37˚C with 5% CO2. Following incubation, me-
dia were decanted, 150 µL of DMSO (Dimethyl Sulfoxide) (Sigma-Aldrich, Amsterdam, the 
Netherlands) was added to each well and the plates were covered with aluminium foil and 
agitated on an orbital shaker for 15 min. Next, the absorbance was measured at a wavelength 
of 570 nm (with a reference filter of 650nm) with a Benchmark microplate reader (Bio-Rad 
Laboratories, Hercules, CA).

Supplemental Methods S4

Following 30 min fixation in 2% PFA in PBS, SCAP were washed with PBS and permeabi-
lized with 0.5% Triton X-100 (Sigma-Aldrich, MO, USA) in PBS for 10 min. Next, they were 
incubated with 10% goat serum in PBS for 30 min to prevent non-specific binding of primary 
antibodies. This was followed by incubation at room temperature for 90 min with anti-hu-
man Ki-67 rabbit monoclonal antibody (Abcam, the Netherlands), diluted 1:250 in PBS con-
taining 10% donkey serum and 1µg/ml 4’,6-diamidino-2-phenylindole (DAPI). Subsequently, 
samples were washed with 0.05% Tween-20 in PBS and incubated in dark conditions at room 
temperature for 30 min with donkey anti-rabbit IgG (H+L) cross-adsorbed Alexa Fluor 594 
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secondary antibody (Invitrogen), diluted 1:500 in 2% normal human serum in PBS. Thorough 
washing steps with 0.05% Tween-20 in PBS followed.

Supplemental Methods S5

Prior to the initiation of the dye extraction procedures, sterile demineralized water (sdH2O) 
was aspirated, plates were left at an angle to dry and stored at -20˚C for 24 h. Next day, 10% 
(v/v) acetic acid was added to each well, and the plates were incubated at room temperature 
for 30 min with gentle shaking. Then, the monolayer was scraped from the plates with a cell 
scraper and transferred with the acetic acid to microcentrifuge tubes. After vortexing for 30 
s, the slurry was heated to 85˚C for 10 min and transferred to ice for 5 min. The supernatants 
were collected by centrifugal force (20,000xg, 4˚C, 15 min) and transferred to a new micro-
centrifuge tube. Next, 200 mL of 10% (v/v) ammonium hydroxide was added to restore the pH 
between 4.1-4.5. Finally, 150 μL aliquots were transferred to a flat bottom 96-well plate and 
the absorbance was measured at a wavelength of 405 nm with a Benchmark microplate read-
er. The exact AR-S concentration was calculated from the trendline equation (R2 ~ 1) derived 
from a standard curve made by plotting absorbance (405 nm) as a function of AR-S standard 
concentrations and normalized to the number of the DAPI stained nuclei for each group.

Supplemental Methods S6

RNA aliquots of 1 μg (from the concentrated total RNA extracted from SCAP) were used for 
M-MuLV and random hexamer primer reverse transcription to obtain complementary DNA 
(cDNA) with the RevertAid First Strand cDNA synthesis kit (ThermoFisher Scientific) and 
following the manufacturer’s guidelines. Briefly, cDNA synthesis was carried out in a final 
20 μL volume containing template RNA (1 μg), random hexamer primer (12 μg), RiboLock 
RNase Inhibitor (20U), 1 mM dNTP mix, RevertAid M-MuLV Reverse Transcriptase (200 U), 
1X reaction buffer and nuclease-free water. After the addition of the RNA template, the ran-
dom hexamer primer and the nuclease-free water, the mix was incubated at 65˚C, for 5 min 
for breaking any secondary structures. Then, the rest of the components were added and the 
mix was incubated at 25˚C for 5min, followed by an incubation step at 42˚C for 60 min and a 
reaction termination step at 70˚C for 5 min. 

Supplemental Methods S7

The RT-qPCR 10 μL reaction contained 4.5 μL cDNA (2 ng/μl) from each sample mixed with 
5 μL 2X iQ SYBR Green Supermix (Bio-Rad) and 0.25 μL of each sense and antisense primers 
(6μM). The real-time qPCR reactions were performed in the Vii A7 Real-Time PCR system 
(ThermoFisher Scientific) with the following amplification conditions: an initial denatur-
ation step at 95°C for 10 min and then 40 cycles of 15 s at 95˚C, 1 min at 60˚C and 30 s at 
72˚C. The specificity of the qPCR products was evaluated by melting curve analysis.

Supplemental Figure S2. Determination of the optimal maximum concentration of conditioned 
media with MTT cytotoxicity assay. The semi-logarithmic plot shows the abrupt decline of SCAP 
mitochondrial activity for all conditioned media, when concentrations exceed the 25% threshold. 
The optimal maximum concentration was set at 25% (all conditioned media were diluted in 
DMEM at a ratio of 1:3 respectively). AN, A. naeslundii T14V-J1; SO, S. oralis J22; DSP, dual-species 
planktonic; DSB, dual-species biofilm.
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Supplemental Table 1. Primer sequences used in RT-qPCR analysis. 

Gene (human) Forward primer (5’-3’) Reverse primer (5’-3’) NCBI RefSeq

DSPP GGGAATAGAAATCAAGGGTC CAAGATCATTCCATGTTGTCC NM_0142018

RUNX2 AAGCTTGATGACTCTAACC TCTGTAATCGACTCTGTCC NM_001015051

ALPL TCTTCACATTTGGTGGATAC ATGGAGACATTCTCTCGTTC NM_000478

BGLAP  
(osteocalcin)

TTCTTTCCTCTTCCCCTTG CCTCTTCTGGAGTTTATTTGG NM_199173

BMP2 CGGACTGCGGTCTCCTAA GGAAGCAGCAACGCTAGAAG NM_001200

BMP7 ACCACTGGGTGGTCAATCC CAACTTGGGGTTGATGCTCT NM_001719

TNFA CAGCCTCTTCTCCTTCCTGAT GCCAGAGGGCTGATTAGAGA NM_000594

IL6 AGCTCAATAAGAAGGGGCCTA TGAGAAACCCTGGCTTAAGTAGA NM_000600

IL8 CTTTCAGAGACAGCAGAGCA ACACAGAGCTGCAGAAATCA NM_000584

TLR2 CTTTCAACTGGTAGTTGTGG GGAATGGAGTTTAAAGATCCTG NM_003264

TLR4 CTGCGTGGAGGTGGTTCCTA CAGGTCCAGGTTCTTGGTTGAG NM_003266

B2M TTCTGGCCTGGAGGCTATC TCAGGAAATTTGACTTTCCATTC NM_004048

DSPP, dentin sialophosphoprotein; RUNX2, Runt-related transcription factor 2; ALPL, alkaline phos-
phatase; BGLAP, bone gamma-carboxyglutamic acid-containing protein; BMP2, bone morphogenetic 
protein 2; BMP7, bone morphogenetic protein 7; TNFA, tumor necrosis factor alpha; IL6, interleukin 6; 
IL8, interleukin 8; TLR2, Toll-like receptor 2; B2M, TLR4, Toll-like receptor 4; β2 microglobulin; NCBI 
RefSeq, National Center for Biotechnology Information Reference Sequence.

Supplemental Table 2. Descriptive statistics for MTT assay. 

Outcome measure: Optical Density 570nm

Conditioned 
media

N Mean Standard 
deviation

Standard 
Error

95% Confidence Interval for Mean

Lower Bound Upper Bound

AN(a) 9 3.5833 .14866 .04955 3.4691 3.6976

SO(b) 9 2.0500 .14405 .04802 1.9393 2.1607

DSP(c) 9 3.3200 .11565 .03855 3.2311 3.4089

DSB(d) 9 2.2389 .24060 .08020 2.0540 2.4238

control(e) 9 4.1022 .20993 .06998 3.9409 4.2636

Supplemental Table 3. Analysis of Variance (ANOVA) for MTT assay.

Outcome measure: Optical Density 570nm

Sum of Squares df Mean Square F Sig.

Between Groups 28.098 4 7.025 222.042 .000

Within Groups 1.265 40 .032

Total 29.364 44

Supplemental Table 4. Multiple comparisons (post-hoc Tukey HSD test) for MTT assay.

Outcome measure: Optical Density 570nm

(I) 
conditioned 
media

(J)
conditioned 
media

Mean  
Difference 
(I-J)

Standard 
Error

Sig. 95% Confidence Interval

Lower Bound Upper Bound

AN(a)

SO(b) 1.53333* .08385 .000 1.2939 1.7728

DSP(c) .26333* .08385 .025 .0239 .5028

DSB(d) 1.34444* .08385 .000 1.1050 1.5839

control(e) -.51889* .08385 .000 -.7584 -.2794

SO(b)

AN(a) -1.53333* .08385 .000 -1.7728 -1.2939

DSP(c) -1.27000* .08385 .000 -1.5095 -1.0305

DSB(d) -.18889 .08385 .182 -.4284 .0506

control(e) -2.05222* .08385 .000 -2.2917 -1.8127

DSP(c)

AN(a) -.26333* .08385 .025 -.5028 -.0239

SO(b) 1.27000* .08385 .000 1.0305 1.5095

DSB(d) 1.08111* .08385 .000 .8416 1.3206

control(e) -.78222* .08385 .000 -1.0217 -.5427

DSB(d)

AN(a) -1.34444* .08385 .000 -1.5839 -1.1050

SO(b) .18889 .08385 .182 -.0506 .4284

DSP(c) -1.08111* .08385 .000 -1.3206 -.8416

control(e) -1.86333* .08385 .000 -2.1028 -1.6239

control(e)

AN(a) .51889* .08385 .000 .2794 .7584

SO(b) 2.05222* .08385 .000 1.8127 2.2917

DSP(c) .78222* .08385 .000 .5427 1.0217

DSB(d) 1.86333* .08385 .000 1.6239 2.1028

*. The mean difference is significant at the 0.05 level.
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Supplemental Table 5. Descriptive statistics for proliferation assay.

Outcome measure: % Ki-67+ / DAPI+

Conditioned 
media

N Mean Standard 
Deviation

Standard 
Error

95% Confidence Interval for Mean

Lower Bound Upper Bound

AN(a) 9 6.6422 .48028 .16009 6.2730 7.0114

SO(b) 9 2.2433 .40175 .13392 1.9345 2.5521

DSP(c) 9 5.8378 .40947 .13649 5.5230 6.1525

DSB(d) 9 4.6167 .41458 .13819 4.2980 4.9353

control(e) 9 7.2622 .49462 .16487 6.8820 7.6424

Supplemental Table 6. Analysis of variance (ANOVA) results for proliferation assay.

Outcome measure: % Ki-67+ / DAPI+

Sum of Squares df Mean Square F Sig.

Between Groups 141.742 4 35.436 181.487 .000

Within Groups 7.810 40 .195

Total 149.552 44

Supplemental Table 7. Multiple comparisons (post-hoc Tukey HSD test) for proliferation 
assay.

Outcome measure: % Ki-67+ / DAPI+

(I) conditioned 
media

(J) conditioned 
media

Mean 
Difference 
(I-J)

Standard 
Error

Sig. 95% Confidence Interval

Lower Bound Upper Bound

AN(a) SO(b) 4.39889* .20830 .000 3.8040 4.9938

DSP(c) .80444* .20830 .003 .2095 1.3994

DSB(d) 2.02556* .20830 .000 1.4306 2.6205

control(e) -.62000* .20830 .037 -1.2149 -.0251

SO(b) AN(a) -4.39889* .20830 .000 -4.9938 -3.8040

DSP(c) -3.59444* .20830 .000 -4.1894 -2.9995

DSB(d) -2.37333* .20830 .000 -2.9683 -1.7784

control(e) -5.01889* .20830 .000 -5.6138 -4.4240

DSP(c) AN(a) -.80444* .20830 .003 -1.3994 -.2095

SO(b) 3.59444* .20830 .000 2.9995 4.1894

DSB(d) 1.22111* .20830 .000 .6262 1.8160

control(e) -1.42444* .20830 .000 -2.0194 -.8295

DSB(d) AN(a) -2.02556* .20830 .000 -2.6205 -1.4306

SO(b) 2.37333* .20830 .000 1.7784 2.9683

DSP(c) -1.22111* .20830 .000 -1.8160 -.6262

control(e) -2.64556* .20830 .000 -3.2405 -2.0506

control(e) AN(a) .62000* .20830 .037 .0251 1.2149

SO(b) 5.01889* .20830 .000 4.4240 5.6138

DSP(c) 1.42444* .20830 .000 .8295 2.0194

DSB(d) 2.64556* .20830 .000 2.0506 3.2405

*. The mean difference is significant at the 0.05 level.

Supplemental Table 8. Descriptive statistics for mineralization assay (quantification of 
extracted Alizarin Red staining and conversion to nanomoles calcium per cell).

Outcome measure: nmCa2+ / cell*

Conditioned 
media

N Mean Standard 
Deviation

Standard 
Error

95% Confidence Interval for Mean

Lower Bound Upper Bound

AN(a) 9 3.4567 .08718 .02906 3.3897 3.5237

SO(b) 9 1.0722 .09066 .03022 1.0025 1.1419

DSP(c) 9 2.6122 .08028 .02676 2.5505 2.6739

DSB(d) 9 2.1000 .08124 .02708 2.0376 2.1624

control(e) 9 3.8533 .16155 .05385 3.7292 3.9775
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control(e)

AN(a) .39667* .04943 .000 .2555 .5378

SO(b) 2.78111* .04943 .000 2.6399 2.9223

DSP(c) 1.24111* .04943 .000 1.0999 1.3823

DSB(d) 1.75333* .04943 .000 1.6122 1.8945

*. The mean difference is significant at the 0.05 level.

Supplemental Table 11. Descriptive statistics for mineralization assay without and with 
the TLR 2/4 and TAK-1 inhibitors (quantification of extracted Alizarin Red staining and 
conversion to nanomoles calcium per cell).

Outcome measure: nmCa2+ / cell

Conditioned media N Mean Standard 
Deviation

Standard 
Error

95% Confidence Interval  
for Mean

Lower Bound Upper Bound

AN w/o inhibitors 9 3.4567 .08718 .02906 3.3897 3.5237

AN +TLR2/4 inhibitor 9 3.7478 .10497 .03499 3.6671 3.8285

AN +TAK1 inhibitor 9 3.7600 .12278 .04093 3.6656 3.8544

SO w/o inhibitors 9 1.0722 .09066 .03022 1.0025 1.1419

SO +TLR2/4 inhibitor 9 2.6044 .17579 .05860 2.4693 2.7396

SO +TAK1 inhibitor 9 2.6289 .16952 .05651 2.4986 2.7592

DSP w/o inhibitors 9 2.6122 .08028 .02676 2.5505 2.6739

DSP +TLR2/4 inhibitor 9 3.5322 .17028 .05676 3.4013 3.6631

DSP +TAK1 inhibitor 9 3.4756 .19333 .06444 3.3269 3.6242

DSB w/o inhibitors 9 2.1000 .08124 .02708 2.0376 2.1624

DSB +TLR2/4 inhibitor 9 3.4178 .14906 .04969 3.3032 3.5324

DSB +TAK1 inhibitor 9 3.4333 .09592 .03197 3.3596 3.5071

control w/o inhibitors 9 3.8533 .16155 .05385 3.7292 3.9775

control +TLR2/4 inhibitor 9 3.8333 .18426 .06142 3.6917 3.9750

control +TAK1 inhibitor 9 3.7856 .15828 .05276 3.6639 3.9072

Supplemental Table 9. Analysis of Variance (ANOVA) results for mineralization assay 
(quantification of extracted Alizarin Red staining and conversion to nanomoles calcium 
per cell). 

Outcome measure: nmCa2+ / cell*

Sum of 
Squares

df Mean 
Square

F Sig.

Between Groups 43.985 4 10.996 1000.310 .000

Within Groups .440 40 .011

Total 44.424 44

Supplemental Table 10. Multiple comparisons (post-hoc Tukey HSD test) for mineraliza-
tion assay (quantification of extracted Alizarin Red staining and conversion to nanomoles 
calcium per cell).

Outcome measure: nmCa2+ / cell*

(I)  
conditioned 
media

(J)  
conditioned 
media

Mean 
Difference 
(I-J)

Standard 
Error

Sig. 95% Confidence Interval

Lower Bound Upper Bound

AN(a)

SO(b) 2.38444* .04943 .000 2.2433 2.5256

DSP(c) .84444* .04943 .000 .7033 .9856

DSB(d) 1.35667* .04943 .000 1.2155 1.4978

control(e) -.39667* .04943 .000 -.5378 -.2555

SO(b)

AN(a) -2.38444* .04943 .000 -2.5256 -2.2433

DSP(c) -1.54000* .04943 .000 -1.6812 -1.3988

DSB(d) -1.02778* .04943 .000 -1.1689 -.8866

control(e) -2.78111* .04943 .000 -2.9223 -2.6399

DSP(c)

AN(a) -.84444* .04943 .000 -.9856 -.7033

SO(b) 1.54000* .04943 .000 1.3988 1.6812

DSB(d) .51222* .04943 .000 .3711 .6534

control(e) -1.24111* .04943 .000 -1.3823 -1.0999

DSB(d)

AN(a) -1.35667* .04943 .000 -1.4978 -1.2155

SO(b) 1.02778* .04943 .000 .8866 1.1689

DSP(c) -.51222* .04943 .000 -.6534 -.3711

control(e) -1.75333* .04943 .000 -1.8945 -1.6122
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Supplemental Table 12. Independent unpaired Student’s t-test results for mineralization 
assay without and with the TLR 2/4 and TAK-1 inhibitors (quantification of extracted  
Alizarin Red staining and conversion to nanomoles calcium per cell). 

Outcome measure: nmCa2+ / cell*

(I)  
conditioned 
media

(J) conditioned 
media

Mean 
Difference 
(I-J)

Standard 
Error 
Difference

Sig. 95% Confidence Interval

Lower Bound Upper Bound

AN w/o 
inhibitors

AN 
+TLR2/4 inhibitor

-.29111* .04548 .000 -.38753 -.19469

AN 
+TAK1 inhibitor

-.30333* .05019 .000 -.40974 -.19693

SO w/o 
inhibitors

SO 
+TLR2/4 inhibitor

-1.53222* .06593 .000 -1.67199 -1.39245

SO 
+TAK1 inhibitor

-1.55667* .06408 .000 -1.69251 -1.42082

DSP w/o 
inhibitors

DSP 
+TLR2/4 inhibitor

-.92000* .06275 .000 -1.05303 -.78697

DSP 
+TAK1 inhibitor

-.86333* .06978 .000 -1.01126 -.71541

DSB w/o 
inhibitors

DSB 
+TLR2/4 inhibitor

-1.31778* .05659 .000 -1.43774 -1.19782

DSB 
+TAK1 inhibitor

-1.33333* .04190 .000 -1.42216 -1.24451

control w/o 
inhibitors

control +TLR2/4 
inhibitor

.02000 .08168 .810 -.15316 .19316

control +TAK1  
inhibitor

.06778 .07539 .382 -.09204 .22760

*. The mean difference is significant at the 0.05 level.

Supplemental Table 13. Pairwise comparisons (Tukey’s post-hoc test) and statistical signif-
icance for all genes used in RT-qPCR analysis.

AN SO DSP DSB mDMEM

AN - ¶***, #***, $***, 
†***, ‡***, ¢***, 
¤***, ¥***, §***

¶*, #*, $**, †***, 
‡*, ¤***, §***

¶***, #***, $***, 
†***, ‡***, ¢**, 
¤***, ¥***, §***

#***, $*, ‡**, ¢***, 
¤***, ¥***, §***

SO ¶***, #***, $***, 
†***, ‡***, ¢***, 
¤***, ¥***, §***

- ¶***, #***, $***, 
†***, ‡***, ¢***, 
¤***, ¥***, §***

¶***, #***, $***, 
†***, ‡***, ¢**

¶***, #***, $***, 
†***, ‡***, ¢***, 
¤***, ¥***, §***

DSP ¶*, #*, $**, †***, 
‡*, ¤***, §***

¶***, #***, $***, 
†***, ‡***, ¢***, 
¤***, ¥***, §***

- ¶*, #*, $**, †***, 
‡*, ¤***, ¥***, §**

¶***, #***, $***, 
†***, ‡***, ¢***, 
¤***, ¥***, §***

DSB ¶***, #***, $***, 
†***, ‡***, ¢**, 
¤***, ¥***, §***

¶***, #***, $***, 
†***, ‡***, ¢**

¶*, #*, $**, †***, 
‡*, ¤***, ¥***, §**

- ¶***, #***, $***, 
†***, ‡***, ¢***, 
¤***, ¥***, §***

mD-
MEM

#***, $*, ‡**, ¢***, 
¤***, ¥***, §***

¶***, #***, $***, 
†***, ‡***, ¢***, 
¤***, ¥***, §***

¶***, #***, $***, 
†***, ‡***, ¢***, 
¤***, ¥***, §***

¶***, #***, $***, 
†***, ‡***, ¢***, 
¤***, ¥***, §***

-

AN: A. naeslundii T14V-J1, SO: S. oralis J22, DSP: dual-species planktonic, DSB: dual-species biofilm, 
mDMEM: mineralizing DMEM
¶, RUNX2; #, ALPL; $, BGLAP; †, BMP2; ‡, BMP7; Ȼ, TNFA; ¤, IL6; ¥, IL8; §, TLR2
*, p≤0.05; **, p≤0.01; ***, p≤0.001

 



142    Chapter 3 | sCaps & bIofIlms



143

Chapter 4

Dentin matrix modulation of stem cells: 
effect on stem cell mineralization



*Both authors contributed equally to this study and should both be listed as first authors

1 Department of Conservative Dentistry, Center for Dentistry and Oral Hygiene, 

University Medical Center Groningen, University of Groningen, Groningen, The Netherlands
2 School of Dentistry, Institute of Clinical Sciences, College of Medical and Dental Sciences, 

University of Birmingham, Birmingham, UK
3 Department of Cell Biology, University Medical Center Groningen, University of Groningen, 

Groningen, The Netherlands 
4 Department of Pathology and Medical Biology, University Medical Center Groningen, 

University of Groningen, Groningen, The Netherlands

Tissue Engineering Part A, 2019, Volume 25, Issue 15-16, pp 1104-1115

https://www.liebertpub.com/doi/full/10.1089/ten.tea.2018.0192

chapter 4

Effect of dentin matrix components on the 
mineralization of human mesenchymal stromal cells

Xenos Petridis1*, Bas P. Beems1*, Phillip L. Tomson2, 

Ben Scheven2, Ben N. G. Giepmans3, Jeroen Kuipers3 

Luc W. M. van der Sluis1, Martin C. Harmsen4 

https://www.liebertpub.com/doi/full/10.1089/ten.tea.2018.0192


147146    Chapter 4 | msCs & dentIn matrIX Components

Abstract

Aim 

To investigate the effect of human dentin extracellular matrix components (dEMCs) on 
the cell viability, proliferation capacity and mineralization potential of various human 
post-natal mesenchymal stromal cells (MSCs). Furthermore, a comparative assessment 
of the micro-architecture of the mineralized stromal cell cultures was performed.

Methodology 

Stromal cells from (i) dental pulp of impacted immature third molars of young patients 
(age 16-18 years) (DPSCs), (ii) adipose tissue of patients submitted to liposuction, and 
(iii) umbilical cord of newborns were isolated, cultured and characterized.

Solubilised dEMCs were extracted from noncarious human teeth following established 
EDTA-demineralization protocols, lyophilised and stored at -80°C until further use. A 
range of different concentrations of freshly reconstituted dEMCs with culture media 
(5, 1 and 0.1 mg/mL), with or without the addition of osteogenic factors, were used for 
all cell culture experiments. Viability, proliferation and mineralization capacity of all 
types of stromal After exposure to the various dEMCs concentrations for different time 
periods, viability (MTT assay), proliferation (Ki-67 immunocytochemical staining) and 
mineralization capacity (fluorogenic staining for hydroxyapatite) of all types of stromal 
cells were evaluated. A microstructural analysis of the osteogenic and dEMCs-supple-
mented osteogenic cultures was performed by means of scanning electron microscopy 
and energy dispersive X-ray spectrometry. One-way analysis of variance (ANOVA) was 
performed to assess the effect of dEMCs on cell viability and proliferation within each 
MSC type. Two-way ANOVA was performed to assess the effect of dEMCs and MSC 
type on the cell-normalized hydroxyapatite formation. The level of significance was set 
at a < 0.05.

Results 

Low concentration solubilized dEMCs in osteogenic cultures of human umbilical cord 
mesenchymal stromal cells (UC-MSCs) and dental pulp stromal cells (DPSCs) enhanced 
mineral deposition, while adipose stromal cells (ASCs) were barely affected. UC-MSCs 
displayed significantly greater hydroxyapatite formation compared to DPSCs. UC-MSCs 
and DPSCs showed a dose-dependent viability and proliferation, whereas proliferation 
of ASCs remained unaffected. Scanning electron microscopy demonstrated differences 
in the architecture of the deposited mineralized structures of the dEMCs-supplemented 
osteogenic cultures. Large-sized mineral accretions upon a poorly organized collagen 
network was the prominent feature of UC-MSCs cultures, while mineral nodules inter-
spersed throughout a collagen mesh were observed in the respective DPSCs cultures.

Conclusions 

The ability of dEMCs to induce mineralization varies between different human MSCs 
types in terms of total mineral formation and its architecture. Mineral formation by 
UC-MSCs exposed to low concentration dEMCs proved to be the most efficient and 
therefore could be considered as a promising combination for mineralized tissue engi-
neering.
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Introduction 

An effective approach to generate mineralized tissues requires mesenchymal stromal 
cells (MSCs) with osteogenic potential, suitable scaffolds and molecules that deliver 
differentiation-inductive signals1,2. MSCs from bone marrow (BM-MSCs), adipose tissue 
(ASCs) and dental pulp (DPSCs) are often employed in mineralizing tissue engineering 
and regenerative strategies3. However, issues related to decreased cell number and os-
teogenic plasticity associated with ageing, as well as the invasive harvesting procedures 
to obtain them could limit their large-scale use4,5. Besides the afore-mentioned adult 
MSCs, the mineralization potential of cells isolated from the umbilical cord stroma 
(UC-MSCs) has been documented both in vitro and in vivo6,7. Indeed, their use might 
be advantageous due to their primitive state and the high cell yield obtained through 
non-invasive harvesting.  

The dentin extracellular matrix has been shown to influence the reparative processes in 
the dentin hard tissue8. Physiologically, it is laid down by terminally differentiated cells, 
the odontoblasts, and its basic structural compound is collagen. Collagens form a cross-
linked scaffold together with various non-collagenous proteins (NCPs) upon which 
minerals are deposited9. Among the NCPs, Small Integrin-Binding Ligand N-linked 
Glycoproteins (SIBLINGs), such as dentin sialoprotein (DSP), dentin phosphoprotein 
(DPP), bone sialoprotein (BSP), dentin matrix protein-1 (DMP-1), osteopontin, and 
matrix extracellular phosphoglycoprotein (MEPE), Small Leucine-Rich Proteoglycans 
(SLRPs) and osteocalcin are present in abundance, as well as a range of growth factors8. 
The latter include the transforming growth factor-β (TGF-β) superfamily, insulin-like 
growth factor 1 and 2 (IGF-1 and -2) and fibroblast growth factor-2 (FGF-2)8.  Impor-
tantly, these signaling molecules are also released secondary to processes that cause 
dentin dissolution (e.g. dental caries) and contribute to providing the necessary cues 
required to mediate endogenous precursor stromal cells to lay down extracellular matrix 
leading to hard tissue repair at the site of injury8.  

Due to the compositional similarities that mineralized tissues exhibit, dentin emerges 
as an ‘easy-to-harvest’ source of potent signaling molecules to promote mineralized 
tissue repair10. Effective use of dentin in mineralized tissue engineering requires precise 
processing of the extracellular matrix in order to facilitate the extraction of its bioac-
tive molecules. Solubilisation is a crucial procedural step in extracting dentin matrix 
proteins. Employing EDTA as a demineralizing agent shows predictable and high ex-
traction efficiencies for a variety of bioactive growth factors and NCPs that participate 
in mineralization, such as TGF-β1, BMP-2, FGF-2, IGF-1, VEGF, PDGF, biglycan and 
decorin11-18. 

Demineralized dentin extracts containing dentin extracellular matrix components 
(dEMCs) induce the osteoblastic differentiation of human BM-MSCs16. The efficacy of 
dEMCs on augmenting DPSCs mineralization has also been demonstrated13,19. Davies et 
al.20 have shown that dEMCs can act in synergy with osteogenic-supplemented culture 

media and enhance mineralization in rat BM-MSCs and DPSCs cultures, but not in 
ASCs. In another study, mineralization was not promoted with the addition of dEMCs 
on cultures of human BM-MSCs and ASCs, contrary to the DPSCs13. Arguably, these 
findings suggest that there may be a different effect of dEMCs on stromal cell miner-
alization depending on the origin of the stromal cells. To date, no research has been 
conducted yet with regard to the effect on dEMCs on human UC-MSCs. 

The primary aim of this study was to investigate the effect of human dEMCs on the cell 
viability, proliferation capacity and mineralization potential of various human post-na-
tal MSCs, including UC-MSCs. Furthermore, a comparative assessment of the micro-ar-
chitecture of the mineralized stromal cell cultures was pursued.  

Materials and methods 

Human stromal cell isolation and culture  

For the DPSCs and ASCs, all samples were collected after patients’ informed consent, 
considered waste material and their use was approved for research purposes by the In-
stitutional Review Board of the University Medical Center Groningen, the Netherlands 
(registration number 201501165). The study was judged as not falling under the scope 
of the Medical-Scientific Act for research with humans (METc 2015.584). Dental pulp 
was retrieved from immature impacted third molars that were extracted from young 
patients (16-18 years old) who presented for scheduled tooth extraction at the Oral and 
Maxillofacial Surgery Department, University Medical Center Groningen, the Nether-
lands. Human subcutaneous adipose tissue samples from healthy human subjects with 
(Body Mass Index < 30) were obtained after liposuction surgery (Bergman Clinics, the 
Netherlands). UC-MSCs were kindly provided by the Future Health Biobank (Notting-
ham, UK). 

Isolation of human DPSCs and ASCs was performed as described previously21,22. The 
cells were cultured in DMEM (Lonza Biowhittaker, Verviers, Belgium) supplemented 
with 10% fetal bovine serum (FBS) (Thermo Scientific, Hemel Hempstead, UK), 2 mM 
L-glutamine (Lonza Biowhittaker, Verviers, Belgium) and 100 U/mL Penicillin/Strep-
tomycin (Gibco, Invitrogen, Carlsbad, CA) and incubated in a humidified incubator at 
37°C with 5% CO2 (passage 0). Cells were expanded and passages 3-5 were used for all 
experiments. 

For the isolation of human UC-MSCs, a transverse slice of umbilical cord tissue, taken 
from a region as close as possible to the placenta, was incubated in culture medium 
(CellGro, CellGenix, Germany) supplemented with collagenase solution (Nordmark, 
Germany) and antibiotic-antimycotic (Gibco, UK) under constant shaking, at 37°C, 
overnight. Next day, the digest was passed through a 100 µM cell strainer and rinsed 
with pre-warmed CellGro, supplemented with FBS (Gibco, UK) and antibiotic-anti-
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mycotic (complete growth medium). The cell suspension was transferred to a 25-cm2 
cell culture flask and incubated in a humidified incubator at 37°C with 5% CO2. Medi-
um replacement was performed every 3-4 days, until cells reached nearly confluency. 
Following sub-culturing, 2nd passage cells were counted using a haemocytometer, 
pelleted by centrifugation and re-suspended in cryoprotectant (10% DMSO/1% Dextran 
with complete medium). Finally, cell suspension was transferred to cryovials, frozen to 
-150°C in a controlled rate freezer and transferred to nitrogen vapor phase storage. Cells 
were expanded and passages 3-5 were used for all experiments. 

 

Cluster of differentiation (CD) expression analysis and multilineage differentiation potential 

For human DPSCs and ASCs, CD surface marker expression analysis and multilineage 
differentiation potential were performed at 3rd passage cells according to protocols 
previously described23.  

For the CD surface marker expression of human UC-MSCs, 3rd passage cells were 
suspended in 0.9% saline and divided in four tubes. In the first tube, no anti-human flu-
orochrome-conjugated antibodies were added. During the analysis, the rest of the three 
tubes always contained the same double set of negative CD surface markers and a dou-
ble set of positive markers. The tubes were placed in the dark to incubate for a period of 
20 min. The anti-human monoclonal antibodies used as negative surface markers used 
were: CD34-ECD conjugated antibody IgG1 and CD45-PC5 conjugated antibody IgG1. 
The respective positive surface markers were: CD29-FITC conjugated antibody IgG2a, 
CD44-PE conjugated antibody IgG1, CD90-FITC conjugated antibody IgG1, CD105-PE 
conjugated antibody IgG3 and CD73-PE conjugated antibody IgG1K. All fluorochromes 
were supplied by Beckman Coulter Ltd and the analysis was performed with the FC500 
flow cytometer (Beckman Coulter Ltd.).  

For the multilineage differentiation potential of UC-MSCs, 3rd passage cells were plated 
at a cell density of 1 × 104 cells/cm2 in complete growth medium in 12-well culture plates 
(Costar®, Corning Inc.). When cell reached nearly confluency, the culture medium was 
replaced with osteogenic or adipogenic basal medium (StemPro®, Gibco) supplemented 
with 10% osteogenic or adipogenic supplements respectively (StemPro®, Gibco) and 
1% antibiotic/antimycotic, according to the manufacturer’s recommendations. The 
media were replaced every 2-3 days and Alizarin Red-S and Oil-Red-O staining was 
carried out after 21 days to determine cell osteogenic and adipogenic differentiation, 
respectively. To confirm their chondrogenic differentiation, a modified high-density 
cell micropellet culture protocol was followed24. Briefly, 5 × 105 cells/15mL-polypropyl-
ene tube (Sarstedt Ltd, Leicester, UK) were centrifuged at 400 ×g for 5 min, followed 
by a second centrifugation step at 200 ×g for 5 min in 0.5 mL of either chondrogenic 
differentiating medium [chondrogenic basal medium (StemPro®, Gibco) completed 
with 10% chondrogenic supplements (StemPro®, Gibco) and 1% antibiotic/antimycotic 
or chondrogenic control medium [chondrogenic basal medium (StemPro®, Gibco)] and 
1% antibiotic/antimycotic. The pellets obtained were incubated at 37°C and 5% CO2 and 

left undisturbed for 48 h. Subsequently, the media were carefully replaced every 3 days 
for a total of 3 weeks. Finally, the pellets were harvested, fixed and processed using a 
method previously described25. Paraffin-embedded sections were cleared and hydrated 
and then stained with 1% Alcian Blue dye solution (Sigma, St Louis, MO, USA) to detect 
the glycosaminoglycan components of the cartilage within the pellets, indicative of 
functional chondrocytes. The nuclei were counter-stained with 0.1% Nuclear Fast Red 
solution (Sigma, St Louis, MO, USA). Bright-field images were taken at random in each 
well using an inverted light microscope (Leica DMi1, Leica Microsystems) coupled with 
a 5-megapixel digital camera (Leica MC170-HD, Leica Microsystems). All the images 
were acquired and processed with the Leica Application Suite (LAS V4.9, Leica Mi-
crosystems) software. 

 

Extraction of dEMCs  

Non-carious human teeth were collected from patients presented for tooth extraction at 
the Oral and Maxillofacial Surgery Department, University Medical Center Groningen. 
All samples were collected after patients’ informed consent, considered waste material 
and their use approved for research purposes by the Institutional Review Board of the 
University Medical Center Groningen, the Netherlands. dEMCs were isolated from 
powdered human dentin based on the EDTA-demineralization protocol previously 
established20. 

 

Cell viability 

Cells were seeded onto flat bottom multi-well plates (Corning® Costar® 96-Well Cell 
Culture Plates, Sigma-Aldrich) at cell densities of 2 × 103 cells/well (72 h assay) or 1 × 
103 cells/well (144 h assay) and incubated with 150 µL culture medium supplemented 
with dEMCs (5, 1 and 0.1 mg/mL) in a humidified incubator at 37°C with 5% CO2. Cells 
cultured in plain culture medium served as controls. For the 144 h assay, the media were 
refreshed once at 72 h. At the end-points of each assay, a MTT assay (3-(4,5- dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma-Aldrich, Amsterdam, the Nether-
lands) was performed. Briefly, 0.5 mg/mL MTT was added to the wells and the plates 
were incubated for 4 h in a humidified incubator at 37°C with 5% CO2. Subsequently, 
the media were decanted and 150 µL of DMSO (dimethyl sulfoxide) (Sigma-Aldrich, 
Amsterdam, the Netherlands) was added to each well. Absorbance was measured at a 
wavelength of 570 nm (with a reference filter of 650 nm) with a Benchmark microplate 
reader (Bio-Rad Laboratories, Hercules, CA). The assay was repeated 3 independent 
times (cell cultures) with triplicate samples for each group. 
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Proliferation capacity 

Cells were cultured as described previously for the cell viability assay at cell densities of 
2 × 103 cells/well. After 72 h, immunocytochemical staining of the human Ki-67 prolif-
eration marker was performed. Briefly, following 30 min fixation in 2% PFA in PBS, the 
cells were washed with PBS and permeabilized with 0.5% Triton X-100 (Sigma-Aldrich, 
MO, USA) in PBS for 10 min. Next, they were incubated with 10% goat serum in PBS 
for 30 min to prevent non-specific binding of primary antibodies. This was followed by 
incubation at room temperature for 90 min with anti-human Ki-67 rabbit monoclonal 
antibody (Abcam, the Netherlands), diluted 1:250 in PBS containing 10% donkey serum 
and 1µg/ml 4’,6-diamidino-2-phenylindole (DAPI). Subsequently, samples were washed 
with 0.05% Tween-20 in PBS and incubated in dark conditions at room temperature for 
30 min with donkey anti-rabbit IgG (H+L) cross-adsorbed Alexa Fluor 594-conjugated 
secondary antibody (Invitrogen), diluted 1:500 in 2% normal human serum in PBS. 
Finally, after thorough washing steps with 0.05% Tween-20 in PBS, the TissueFAXS 
microscopy system (TissueGnostics GmbH, Vienna, Austria) was used to fully scan each 
well with the DAPI and Texas Red filters at 10x magnification sequentially. Analysis of 
the captured images was carried out with Tissue Quest 4.01.0127 software (TissueGnos-
tics GmbH, Vienna, Austria). Results were expressed as % of Ki-67 positively stained 
cells (presence of nuclear red staining) to the total of DAPI stained cells (blue nuclear 
staining). The assay was repeated 3 independent times (cell cultures) with triplicate 
samples for each group.  

 

In vitro mineralization assay 

Cells were seeded onto clear flat bottom black multi-well plates at a cell density of 5 × 
103 cells/well and incubated with 150 µL culture medium in a humidified incubator at 
37°C with 5% CO2 for 24 h. Next day, 150 µL of either plain culture media or osteogenic 
media was added to each well, all supplemented with dEMCs (1 and 0.1 mg/mL). Cells 
cultured in above media, but without the addition of dEMCs served as negative and 
positive mineralization controls. Media were refreshed every 3 days and cells were 
cultured for 21 days. 

Mineralization was assessed with the fluorogenic OsteoImage Mineralization Assay kit 
(Lonza, Walksville, MD), which specifically binds to the hydroxyapatite portion of the 
mineralized depositions. The staining was performed according to the manufacturer’s 
instructions. Additionally, 1 µg/mL DAPI was also added to the OsteoImage staining 
reagent as a counter-stain of the cells’ nuclei. Overlay pictures (DAPI and GFP chan-
nels) were captured with the EVOS FL Cell Imaging System (ThermoFisher Scientific) 
and quantification of the fluorogenic staining was performed using a FLUOstar Omega 
Plate Reader (BMG LABTECH, ThermoFisher Scientific) (excitation 492 nm/ emission 
520 nm for OsteoImage and excitation 358 nm/ emission 461 nm for DAPI). The relative 
fluorescence intensity units (RFI) of the green fluorescent staining (proportional to 
the amount of hydroxyapatite) were normalized to the RFI of the blue DAPI staining 

(cell-normalized hydroxyapatite formation). The assay was repeated 3 independent 
times (cell cultures) with triplicate samples for each group. 

Additionally, Alizarin Red-S (AR-S) staining was performed after the 21-day osteogenic 
induction of the cells as an extra screening validation of the extracellular mineral depo-
sition. Images were captured with an inverted light microscope (Leica Microsystems 
DM IL). 

 

Microstructural analysis of mineralized deposits (Scanning Electron Microscopy-SEM and 
Energy Dispersive X-ray Spectrometry-SEM-EDX) 

Cells were seeded onto Thermanox coverslips (Nalge Nunc Int., Rochester, NY) in 24-
well plates at a cell density of 2 × 104 cells/coverslip and incubated with culture medium. 
Upon reaching confluency, culture and osteogenic medium, without and with dEMCs 
(1 and 0.1 mg/mL) was added and samples were cultured for 21 days. Samples were 
fixed in 2% glutaraldehyde/2% PFA in 0.1 M sodium cacodylate buffer (Na-caco) for 60 
min, followed by one time washing with Na-caco. Subsequently, they were post-fixed 
in 1% osmium tetroxide (OsO4) in 0.1 M Na-caco at room temperature for 60 min and 
washed three more times with ultrapure water. Next, samples were dehydrated in 15 
min baths with a graded ethanol series (30, 50 and 70%), followed by three 30-min baths 
with 100% ethanol and critical point–dried using CO2 in a Bal-Tec 030 CPD (Balzers, 
Liechtenstein). Coverslips were attached to stubs using conductive double-side carbon 
adhesive tapes and cultures were finally sputter-coated with 5 nm palladium-gold (Leica 
EM SCD 050). Imaging was performed in a Zeiss Supra55 SEM. Secondary electron 
detection was done using the Everhart-Thornley detector at 3 kV, 30 μm aperture, at 4.1 
mm working distance. All images were recorded at 3,072 × 2,304 pixels. Contrast and 
brightness were adjusted based on a live histogram. SEM-EDX detection was performed 
with X-Max 150 detector (Oxford Instruments) at 15 kV, 60 μm aperture, beam current 
4.5 nA and at 4.1 mm working distance. Acquisition was performed at 1,024 pixels, with 
2,048 eV channels, a pixel dwell time of 50 μs and a total of 20 frames acquisition. 

 

Statistical analysis 

Statistical analysis was performed using SPSS software (version 22.0, IBM Corp., 
Armonk, New York, USA). All data are expressed as mean ± standard deviation (SD). 
Normality of data distribution was assessed with the Shapiro-Wilk test. One-way analy-
sis of variance (ANOVA) with a Tukey’s HSD post-hoc test was performed to assess the 
effect of dEMCs on the cell viability and proliferation within each MSCs type. Two-way 
ANOVA was performed to assess the effect of dEMCs and MSCs type (independent 
variables) on the cell-normalized hydroxyapatite formation (outcome measure), as mea-
sured with the fluorogenic-based OsteoImage assay. Differences were considered to be 
statistically significant at p-values ≤ 0.05.  
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Results

 

Multilineage differentiation capacity and immunophenotypical analysis of cell surface 
markers of human MSCs 

The osteogenic and adipogenic differentiation of DPSCs, UCMSCs and ASCs was 
verified by AR-S and Oil-Red-O staining respectively; smooth muscle differentiation of 
DPSCs and ASCs was verified by phalloidin-FITC staining; chondrogenic differentia-
tion of UC-MSCs was verified by Alcian blue staining of paraffin-embedded sections of 
cell micropellets (Supplemental Figure 1). Furthermore, immunophenotypical analysis of 
CD surface markers for DPSCs and ASCs, revealed high positivity for those associated 
with mesenchymal stromal cell phenotypes (CD- 29, 44, 90 and 105) and extremely low 
positivity for those associated with endothelial (CD31) and hematopoietic (CD45) cells; 
for UC-MSCs, the mesenchymal stromal cell surface markers CD- 29, 44, 73, 90 and 105 
were highly expressed, whereas the hematopoietic markers CD34 and CD45 were barely 
detected (Supplemental Figure 2). 

 

dEMCs evoke a dose-dependent reduction in viable cell number 

DPSCs and UC-MSCs showed a significant dose-dependent reduction of cell viability 
upon exposure to increasing concentrations of dEMCs, both at 72 h (Fig. 1A) and 144 
h (Fig. 1B). In the higher dEMCs concentrations (5 mg/mL and 1 mg/mL), number of 
viable cells remained depressed throughout the exposure period, with the 5 mg/mL re-
sulting in almost complete loss of viable cells after 144 h (Fig. 1B). Cells exposed to the 
lower concentration (0.1 mg/mL) showed a gradual low increase in cell viable numbers 
over time.  

ASCs exhibited a less abrupt viable cell number decrease compared to the DPSCs 
and UC-MSCs. ASCs exposed to 1 mg/mL dEMCs for 72 h showed increased viability 
compared to the ASCs exposed to the other dEMCs concentrations (Fig. 1B). After 144 
h, increased viable cell number in ASCs cultures treated with 0.1 mg/mL dEMCs was 
recorded compared to the higher dEMCs concentrations (Fig. 1B). Again, the 5 mg/mL 
resulted in almost complete loss of viable cells after 144 h (Fig. 1B). 

 

dEMCs reduce the proliferation of the DPSCs and UC-MSCs, but not ASCs, in a dose-depen-
dent fashion 

The effect of dEMCs on cell proliferation was further investigated using the prolif-
eration marker Ki-67 (Fig. 2A). An inverse relationship between concentration and 
proliferation was observed for DPSCs and UC-MSCs. No significant effect on ASCs was 
noted. More specifically, increased concentrations of dEMCs resulted in decreased cell 

Figure 1. Dose-dependent effect of dEMCs on stem cell viability. DPSCs, UC-MSCs and ASCs 
were cultured with different concentrations of dEMCs in DMEM (0, 0.1, 1 and 5 mg/mL) for 72 h 
(A) and 144 h (B) and an MTT assay was performed to assess cell viability. An inverse relationship 
between concentration increase and cell viability was observed for all stem cell types (A) and (B), 
with the highest concentration (5 mg/mL) having detrimental effects on cell viability after 144h 
(B) and with ASCs exhibiting less abrupt viable cell number decrease compared to the DPSCs 
and UC-MSCs. Values are represented as mean ± SD (n = 9 samples per group). Small letters (a-d) 
denote the control and dEMCs groups, † indicate statistically significant differences (P ≤ 0.01) and 
‡ indicate statistically significant differences (P ≤ 0.001) using one-way ANOVA. 

proliferation in the DPSCs and UC-MSCs, whereas exposure of ASCs to the different 
concentrations yielded insignificant differences, with an overall high level of prolifera-
tion observed (Fig. 2B). 
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Figure 2. Dose-dependent effect of dEMCs on DPSCs and UC-MSCs proliferation capacity, but 
no influence on ASCs. Representative microscopic image from DPSCs exposed to 5 mg/mL dEMCs 
concentration (A). Cell viability was inconsistent with the highest concentration for all stem cell 
types, and therefore omitted from the further analysis of the proliferation capacity. Representa-
tive fluorescent microscopic image from control DPSCs after 72 h showing immunocytochemical 
staining for the proliferative marker Ki-67 (red nuclear staining) and DAPI (blue stained cell nu-
clei) (B). For each sample, counting from 3 random sites at 20x magnification was performed and 
results were expressed as % of Ki-67 positively stained cells (presence of nuclear red staining) to 
the total of DAPI stained cells (blue nuclear staining). An inverse relationship between concentra-
tion increase and proliferation capacity was observed for DPSCs and UC-MSCs, but no significant 
effect on ASC was noted (C). Values are represented as mean ± SD (n = 9 samples per group). Small 
letters (a-c) denote the control and dEMCs groups and ‡ indicate statistically significant differenc-
es (P ≤ 0.001) using one-way ANOVA.  

Figure 3. dEMCs (0.1 mg/mL) enhanced the mineralization efficiency of DPSCs and UC-MSCs 
osteogenic cultures, but not of ASCs. DPSCs, UC-MSCs and ASCs were exposed to osteogenic 
media supplemented with 0.1 mg/mL dEMCs and their mineralization forming efficiency was 
assessed with the OsteoImage fluorogenic assay. dEMCs-supplemented UC-MSCs osteogen-
ic cultures showed the highest hydroxyapatite formation efficiency (A, Bvii), followed by the 
dEMCs-supplemented DPSCs (A, Biii). In the ASCs, even though statistical significance was not 
reached, the addition of dEMCs seemed to impair hydroxyapatite formation compared to the 
respective osteogenic control cultures (A, Bxi). Overall, UC-MSCs exhibited the highest hydroxy-
apatite formation capacity, irrespective of the presence of dEMCs (A). Values are represented as 
mean ± SD (n = 9 samples per group). Capital letters (D, U, A) denote the three stem cell types used, 
small letters (a, b) denote the control and the 0.1 mg/mL dEMCs group and ‡ indicate statistically 
significant differences (P ≤ 0.001) using two-way ANOVA. Also, distinct hydroxyapatite formation 
patterns were observed among the stem cell types, especially after the addition of the dEMCs. 
DPSC cultures showed a rich cell layer (DAPI staining) with dense nodular hydroxyapatite depo-
sition (Biii). UC-MSCs cultures demonstrated a sparser cell layer with coalesced hydroxyapatite 
formations (Bvii). ASCs exhibited the same nodular pattern as DPSCs, but to a considerably lesser 
extent (Bxi). Alizarin Red staining (AR-S) was performed for visualization of extracellular calcium 
depositions and served as an extra visual confirmation of the OsteoImage observations (Bii, iv, v, 
viii, x, xii). All scale bars represent 100μm. 



159158    Chapter 4 | msCs & dentIn matrIX Components

Figure 4. Abrogation of mineral deposition upon exposure of stem cells to osteogenic media 
supplemented with 1 mg/mL dEMCs. DPSCs, UC-MSCs and ASCs were exposed to osteogenic me-
dia supplemented with 1 mg/mL dEMCs and their mineralization forming efficiency was assessed 
with the OsteoImage fluorogenic assay and Alizarin Red staining. After 21 days, no green fluo-
rescence but only the blue DAPI nuclei counterstaining could be visualized with the OsteoImage 
(Ai-Ci) and no red staining was observed in the Alizarin Red stained osteogenic cultures (Aii-Cii). 
These observations were consistent with the complete lack of hydroxyapatite and extracellular 
calcium deposits respectively, thus indicating the abrogation of mineral formation from all stem 
cell groups, even in the presence of osteogenic factors. 

dEMCs elicit different mineralization responses from osteogenic cultures of the stromal cell 
types 

The addition of dEMCs to non-osteogenic (plain) culture media did not induce any 
osteogenic differentiation.  

Control MSCs osteogenic cultures were stained positive for the OsteoImage green stain-
ing (insets, Fig. 3ai-ci) and the AR-S red staining (insets, Fig. 3aii-cii), hence indicating 
hydroxyapatite formation and extracellular calcium deposition, respectively. However, 
the addition of 1 mg/mL dEMCs to osteogenic media abrogated mineralization in the 
MSCs cultures (Fig. 3). Even after 21 days of culture in osteogenic media, no positive Os-
teoImage green staining could be detected in 1mg/ml dEMCs-supplemented osteogenic 
cultures (Fig. 3Ai-Ci, only the blue DAPI nuclei counterstaining is visible), thereby 
indicating the complete lack of hydroxyapatite formation. In addition, no positive AR-S 
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red staining could be detected in the 1mg/ml dEMCs-supplemented osteogenic cultures, 
thereby indicating the complete lack of extracellular calcium deposits (Fig. 3Aii-Cii). 

In the absence of dEMCs, control osteogenic UC-MSCs cultures (Fig. 4Ci) exhibited 
the highest level of positive OsteoImage staining, hence hydroxyapatite formation, 
followed by DPSCs (Fig. 4Bi) and ASCs (Fig. 4Di). Also, the control DPSCs and UC-
MSCs osteogenic cultures demonstrated significantly less hydroxyapatite formation, 
compared to the respective 0.1 mg/mL dEMCs-supplemented osteogenic cultures, while 
no difference was detected in the ASCs (Fig. 4A). Microscopically, the AR-S staining 
revealed control UC-MSCs osteogenic cultures with highly intense red-stained areas 
depicting extracellular calcium depositions, followed by DPSCs and ASCs. Morphologi-
cally, osteogenic UC-MSCs cultures exhibited numerous calcium deposits of high degree 
of coalescence (highly intense red-stained nodules) fused within an extensive network 
of less intense red-stained calcium depositions (Fig. 4Cii), osteogenic DPSCs cultures 
exhibited an extensive network of red-stained calcium depositions of similar intensity 
(Fig. 4Bii) and osteogenic ASCs cultures exhibited big calcium deposits of high degree 
of coalescence (highly intense red-stained nodules) dispersed within a non-stained 
cellular substrate  (Fig. 4Dii).  

Osteogenic media containing 0.1 mg/mL dEMCs enhanced hydroxyapatite formation 
compared to osteogenic controls, both in the DPSCs and the UC-MSCs, as measured by 
the OsteoImage assay (Fig. 4A). In the DPSCs, OsteoImage revealed a nodular staining 
pattern of mineralization (Fig. 4Biii). AR-S staining demonstrated an extensive stained 
mineralized substrate with discrete areas of strongly stained nodular structures (Fig. 
4Biv). In the UC-MSCs, mineral deposition revealed a different pattern compared to the 
DPSCs. OsteoImage staining disclosed areas with sparser cell density covered with co-
alescent nodular accretions and some distinct long stained (green) bundles interspersed 
(Fig. 4Ciii). The mineral conglomerates were also visible with the AR-S staining (Fig. 
4Civ). The presence of dEMCs did not augment the mineral deposition in the ASCs 
cultures, but rather inhibited it. The reduction in mineral formation was apparent from 
both OsteoImage and AR-S staining (Fig. 4Diii-iv). 

 

The tissue origin of stromal cells dictates the mineralization pattern 

SEM revealed differences in the micro-architecture of the mineralized cultures.  
DPSCs osteogenic cultures showed a collagen-like fibril network with randomly orien-
tated fibrils, upon which nodular mineral accretions were deposited (Fig. 5A). In the 
dEMCs-supplemented DPSCs osteogenic cultures, the collagen mesh appeared denser 
onto which coalesced mineralizing nodules were deposited (Fig. 5B). Osteogenic ASCs 
cultures revealed a similar fibril-like mineralization pattern, but in a substantially lower 
degree compared to the respective DPSCs (Fig. 5E). Addition of dEMCs did not aug-
ment the accretion of minerals, but rather suppressed it (Fig. 5F).  

Osteogenic UC-MSCs cultures revealed a different structural morphology compared to 
the other stromal cell populations, with globular structures of different size and degree 
of coalescence aggregated upon a poorly organized fibril-like network (Fig. 5C, D). 
Some fibril network was present in the control UC-MSCs osteogenic cultures (Fig. 5C), 
while a very sparse fibril mesh-like arrangement was observed in the dEMCs-supple-
mented osteogenic cultures, mostly inter-connecting some coalesced aggregates (Fig. 
5D). Nodular accretions seemed mainly to bud directly from the cellular bodies without 
any intercalating fibrils both in the control and the dEMCs-supplemented osteogenic 
UC-MSCs cultures. Regions with isolated individual accretions and regions with highly 
amassed deposits were also noted.  

The elemental analysis of dEMCs-supplemented osteogenic cultures of DPSCs (Fig. 6A) 
and UC-MSCs (Fig. 6B) revealed the presence of the basic elements of hydroxyapatite, 
namely calcium (Ca) and phosphorus (P). In addition, the X-ray maps disclosed the 
dense accretion of hydroxyapatite-like structures of varying sizes, comprised primarily 
of Ca, P and O.  
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Figure 5. Scanning Electron Microscopy (SEM) imaging of the stem cell mineralized cultures 
revealed distinct differences in their pattern of mineral deposition. Osteogenic DPSCs cultures 
(Aii) showed a collagen network (rectangle, cm) upon which nodule-like minerals were deposited 
(white arrows, md). The respective dEMCs-supplemented DPSCs cultures (Ai) exhibited a much 
denser collagen mesh, richer in mineral depositions of higher coalescence. Long distinct colla-
gen fibrils (rectangle, cf ) were frequently noticed. Osteogenic UC-MSCs cultures (Bii) exhibited 
small isolated areas of packed collagen fibrils (rectangle, pcf ), but no organized collagen network. 
Globular mineralized structures (circles, mdg) seemed to bud directly from the cellular bodies with 
no intercalating collagen fibrils and varied in size. Addition of dEMCs in the osteogenic UC-MSCs 
cultures (Bi) seemed to enhance mineral deposition, both in terms of the size of the globular min-
eral deposits and the degree of coalescence of smaller mineral accretions (triangle, mdc). Complete 
lack of collagen network was a prominent feature. Osteogenic ASCs cultures (Cii) demonstrated a 
collagen fibrin-associated mineralization (rectangle, cfm), similar to DPSCs osteogenic cultures, 
but with a considerably lower degree of amassing mineral accretions. Addition of dEMCs seemed 
to suppress mineralization in the osteogenic ASCs cultures (Ci), with only some randomly distrib-
uted mineral accretions directly budding form the cellular bodies being observed (rhombus, ma).    
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Discussion

The main finding of this study was that dEMCs augmented differentiation and miner-
alization of human MSCs osteogenic cultures in a heterogeneous fashion depending on 
the stromal cell origin. UC-MSCs exhibited the highest formation of hydroxyapatite-like 
structures, followed by the DPSCs. This was associated with reduction in their prolifer-
ation. In contrast, mineral production from ASCs was inhibited by dEMCs, coinciding 
with an increase in cell proliferation. A secondary finding was that the mineral deposi-
tion pattern showed stromal cell origin-dependent differences.  

This is the first study to report on the mineralization potential of human UC-MSCs in 
combination with dEMCs. The addition of 0.1 mg/mL dEMCs in UC-MSCs osteogenic 
cultures resulted in a significant increase in the hydroxyapatite formation, significantly 
outperforming the respective yield of DPSCs and ASCs. This study did not address the 
mechanisms underlying these differences, but the involvement of the mitogen-activated 
protein kinase (MAPK) signaling pathways cannot be excluded. Indeed, the osteogenic 
capacity of UC-MSCs has been corroborated, with evidence pointing to the MAPK fam-
ily as the regulator of this in vitro-induced mineralization26. In addition, the osteogenic/ 
dentinogenic differentiation of BM-MSCs is augmented in the presence of dEMCs via 
increased MAPK pathway activation27. Moreover, MAPK activation has been shown 
to mediate the enhanced mineralization of DPSCs exposed to a demineralized dentin 
matrix substrate28. Therefore, a valid hypothesis accounting for the increased mineral-
ization observed in the dEMCs-supplemented UC-MSCs would involve the dEMCs-in-
duced activation of the MAPK signaling pathway. Further investigation of this hypoth-
esis seems justified.  

However, given the abundant presence of TGF-β, FGF-2 and BMP-2 in demineralized 
dentin matrix extracts15,16,29, several molecular mechanisms become relevant. Arguably, 
the qualitative and quantitative composition of the dentin matrix extracts would deter-
mine the differentiation cell fate of the UC-MSCs.  The FGF-2 and/ or BMP-2/MAPK/
Runx230-33 or the BMP-2/Dlx5/Runx234 signaling axes could underlie the increased 
mineralization noticed, also indicating the osteogenic differentiation of the UC-MSCs35. 
On the other hand, TGF-β1 could engage the Smad-dependent TGF-β1 signaling axis36, 
which consequentially would result in the repression of the transcriptional activity 
of Runx237 and favour the dentinogenic differentiation of the UC-MSCs, as has been 
demonstrated for the DPSCs38. Especially with regard to the potential dentinogenic 
commitment of the UC-MSCs, the increased dEMCs-induced hydroxyapatite formation 
shown in the present study in the presence of dEMCs, together with their demonstrated 
dentinogenic differentiation under the influence of demineralized dentin matrix39, could 
further support their use for stromal cell-mediated tooth regeneration/ tissue engineer-
ing. Remarkably though, the micro-architecture of the mineralized tissues formed by 
the UC-MSCs, with the large-sized globular mineral deposits laid upon a poorly orga-
nized collagenous substrate, appeared to differ from dentin, where a calcified collagen 

Figure 6. Scanning Electron Microscopy-based X-ray mapping verifies the hydroxyapatite-like 
mineral formation based on presence Ca, P, and O. Single element distribution maps generated 
from areas as shown by the backscattered SEM images, showing corresponding maps of calcium 
(green), phosphorus (red), and oxygen (blue) in dEMCs-supplemented DPSCs osteogenic cultures 
(a), as well as dEMCs-supplemented UC-MSC osteogenic cultures (b). EDX spectra show higher 
peaks for both calcium (Ca) and phosphorus (P) for mineralized regions (spectra in yellow from 
regions marked with yellow eclipses), compared to smaller Ca and P peaks for non-mineralized 
regions (spectra displayed as red lines from regions marked by red eclipses). Scale bars represent 
5μm.



167166    Chapter 4 | msCs & dentIn matrIX Components

network stands. Finally, it is also possible that the complex bioactive makeup of the 
dEMCs could provide UC-MSCs with multiple signals, thus promoting the generation 
of hybrid dentin-/bone-like mineralized structures40. Further research is warranted on 
the phenotype UC-MSCs acquire upon exposure to demineralized dentin matrix, as well 
as on the underlying mechanisms that govern the enhanced dEMCs-induced mineral-
ization noted.  

Notably, UC-MSCs had a higher intrinsic mineralization capacity than hard-tissue 
related DPSCs, namely, in the absence of dEMCs, UC-MSCs showed a significantly 
higher hydroxyapatite formation capacity than the DPSCs. The more immature state of 
UC-MSCs compared to DPSCs might drive their higher potency. However, the micro-ar-
chitecture of the mineralized DPSCs cultures resembled more the typical structure of 
mineralized collagen matrix-supported tissues, such as bone and dentin. Extracted 
components from human dentin constitute part of the DPSCs niche. The abundant 
presence of TGF-β1 in demineralized dentin matrix extracts and its stimulatory effect 
on the mineralization capacity of dental pulp cells have been recently demonstrat-
ed15. TGF-β1 regulates collagen synthesis in dental pulp cells and collagen production 
has been positively associated with increased concentrations of TGF-β141. This could 
account for the collagen-based hydroxyapatite formation of the dEMCs-supplemented 
DPSCs osteogenic cultures. In contrast, high concentrations of TGF-β1 decrease the ex-
pression of collagen and ECM-related genes in UC-MSCs or up-regulate the expression 
of matrix metalloproteinases42, which could explain the formation of dense mineralized 
aggregations upon a lesser organized fibril network that was observed in the respective 
UC-MSCs cultures in this study.  

Additionally, the embryologic origin of the two stromal cell types could contribute to 
the differences observed in their mineralization pattern. DPSCs derive from the neural 
crest cells, which are involved in the formation of the majority of the collagen-based 
mineralized craniofacial structures43. UC-MSCs may represent a more primitive stromal 
cell population that exhibits a different sensitivity when exposed to mineralization-in-
ductive conditions44. Therefore, it could be argued that DPSCs show a propensity for 
laying down collagen-based mineralized structures compared to UC-MSCs. 

Osteogenic ASCs cultures did not benefit from the addition of dEMCs. Indeed, miner-
alization was impaired in the presence of dEMCs, in contrast to the other stromal cell 
types. The reduced mineralization capacity of dEMCs-supplemented rodent-derived 
ASCs cultures compared to donor-matched BM-MSCs and DPSCs has previously been 
demonstrated18. These results indicate that human ASCs are not responsive to com-
ponents contained in the dentin matrix extract. An altered TGFβ-receptor and bone 
morphogenetic protein profile has been reported45. Also, FGF-2 promotes the adipo-
genic profile of ASCs46 and inhibits their osteogenic differentiation in a dose-dependent 
manner47. The presence of these growth factors in the extracted dEMCs could account 
for the observed low level of mineralization in the ASC cultures13-16.  

An inverse correlation was noticed between proliferation and mineralization in the 
presence of dEMCs. Notably, higher concentrations of dEMCs had a negative impact 
on cell viability, clearly indicating that there is a threshold above which the presence 
of dentin matrix proteins is detrimental. Nonetheless, the presence of lower concentra-
tion of dEMCs (0.1 mg/mL) decreased the proliferation activity in UC-MSCs and DPSCs 
cultures, while on the other hand enhanced their differentiation and mineralization. 
Induction of differentiation is inherently linked with reduction in cell proliferation. 
Therefore, it seems that the continuous presence of a low concentration “reservoir” of 
growth factors changes the proliferation and differentiation dynamics in favor of the 
latter. In addition, it has been shown that even lower concentrations of dEMCs are able 
to increase mineralization of several MSCs20,27,48. This indicates that an optimal concen-
tration that maximizes mineral formation should exist for which further research seems 
justified. 

To summarize, addition of dEMCs to osteogenic cultures of different human MSCs 
selectively augmented their differentiation and in vitro hydroxyapatite formation. 
dEMCs-supplemented UC-MSCs and DPSCs osteogenic cultures showed significantly 
increased hydroxyapatite formation compared to control cultures, with UC-MSCs being 
benefited the most by the presence of dEMCs. This was in contrast to the ASCs, where 
the addition of dEMCs abrogated hydroxyapatite formation almost completely. However, 
the differences observed in the mineralization pattern of the mineralized stromal cell cul-
tures necessitates further investigation. The absence of collagen-like fibrils as a matrix 
upon which mineralization occurs may have an impact the physico-mechanical proper-
ties of the mineralized tissues which is currently not known. The findings of this study 
suggest that harnessing UC-MSCs or DPSCs by cues provided by dEMCs may provide an 
advantageous stromal cell-based therapy for mineralized tissue repair and regeneration.  
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Supplemental information

Supplemental Figure S1. Multilineage differentiation capacity of MSCs. (a-c) Osteogenic, adi-
pogenic and smooth muscle cell differentiation of DPSCs, as verified by AR-S staining (calcium 
deposits stained red), Oil-Red-O staining (lipid droplet accumulation stained red) and phalloi-
din-FITC and DAPI staining (F-actin stained green and nuclei stained blue), respectively. (d-f ) 
Osteogenic, adipogenic and chondrogenic differentiation of UC-MSCs, as verified by AR-S stain-
ing (calcium deposits stained red), Oil-Red-O staining (lipid droplet accumulation stained red) 
and Alcian blue staining (glycosaminoglycan components of the cartilage within the micropellets 
stained blue), respectively. (g-i) Osteogenic, adipogenic and smooth muscle cell differentiation of 
ASCs, as verified by AR-S staining (calcium deposits stained red), Oil-Red-O staining (lipid droplet 
accumulation stained red) and phalloidin-FITC and DAPI staining (F-actin stained green and 
nuclei stained blue), respectively. 



Supplemental Figure S2. Flow cytometry analysis of cluster of differentiation (CD) cell surface 
markers of MSCs. Analysis for (A) DPSCs and (B) ASCs. Dot plot (forward vs. side scatter plot)  
(Ai, Bi), histogram plots showing highly expressed mesenchymal stromal cell markers (CD29, 
CD44, CD90 and CD105) (Aii-v, Bii-v) and very low expressed markers associated with endothelial 
cells (CD31) (Avi, Bvi) and hematopoietic cells (CD45) (Avii, Bvii). (C) Analysis for UC-MSCs. Dot 
plot (forward vs. side scatter plot) (i), histogram plots fshowing highly expressed mesenchymal 
stromal cell markers (CD29, CD44, CD73, CD90 and CD105) (ii-vi) and very low expressed markers 
associated with hematopoietic cells (CD34 and CD45) (vii, viii). 
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This thesis is thematically divided in three parts. The research comprising each part was 
conducted with the rationale to address valid concerns raised by the way revitalization 
treatment of biofilm infected immature teeth is currently performed. Accordingly, key 
elements of revitalization treatment, such as biofilm disinfection, bacterial modulation 
of apical papilla stem cells and dentin matrix-driven stem cell mineralization have been 
studied. Each topic was investigated from a basic research frame of reference, aiming 
at providing information of translational character. Based on that, the objectives of this 
chapter are to discuss and summarize the findings of each part of this thesis, highlight 
the limitations of the research described, mention clinical implications derived from the 
findings and finally, provide a framework for future basic and clinical research.

bIofIlms: bIofIlm arChIteCture and IrrIgatIon faCtors InfluenCIng 
dIsInfeCtIon (Chapter 2)

General Discussion and Summary

For the treatment of any biofilm-induced disease, biofilm eradication is the key to 
success. Especially for infected immature teeth undergoing a revitalization treatment, 
the anatomical peculiarities associated with the immature roots and the regenerative 
objectives of the treatment, rule out biofilm removal through mechanical means. This 
renders irrigation, and particularly its chemical aspect, the primary means for biofilm 
disinfection. Studying the antibacterial efficacy of endodontic irrigants against plank-
tonic bacteria is of less value nowadays that the biofilm causation of apical periodontitis 
has been acknowledged1. Indeed, testing the biofilm removal capacity of antibiofilm 
agents (and not only killing) should become the standard of practice for in vitro investi-
gations. 

The typical structural components of biofilms are the bacteria and the biofilm matrix, 
with the latter consisting of EPS and water1-3. The bacterial distribution and the biofilm 
matrix make-up determine the biofilm architecture, which is rather heterogeneous4,5. 
The protective role of the biofilm matrix when the biofilms are chemically challenged 
has been the topic of extensive invastigation2,6,7. Interestingly, no studies have examined 
whether the biofilm architecture is a factor capable of influencing the biofilm response 
to chemical anti-biofilm agents.

The multi-componential architecture of the biofilms (bacteria, EPS, water) calls for 
multi-parametric biofilm assessment techniques. Undeniably, confocal laser scan-
ning microscopy (CLSM) has contributed greatly to our understanding of the biofilm 
structure and response to anti-biofilm agents by enabling the three-dimensional visu-
alization of biofilms on the microscopic level8,9. For CLSM imaging, the use of fluoro-
chromes for visualization of the biofilm architecture is required. This is associated with 
limitations, such as the limited penetration ability of the fluorochromes, the lack of 

specific fluorochromes for staining specific biofilm matrix constituents, the possibility 
of fluorochrome chemical interference with the biofilm components, the fluorescence 
quenching and the natural auto-fluorescence which may both compromise visualization 
and subsequent quantification of specific biofilm components10. Especially the limited 
penetration ability of fluorochromes along with limitations in the laser penetration, 
restrict CLSM use only to biofilms of low thickness11. Therefore, the need for alternative 
biofilm visualization techniques is warranted.

Optical coherence tomography (OCT) has already shown promising results in biofilm 
research12. Interestingly, the use of OCT in evaluating the biofilm removal efficacy of 
endodontic irrigants has never been reported. In addition, the acknowledgment of bio-
film viscoelasticity as an extra factor that contributes to biofilm recalcitrance, stresses 
the need for including additional techniques in the biofilm evaluation protocols able 
to assess this parameter13. Low load compression testing (LLCT) has been validated 
as a technique to study the viscoelastic properties of biomaterials14, while its use has 
been recently extended in the investigation of the viscoelastic profile of biofilms and 
the influence of specific biofilm structural components in the chemical penetration of 
anti-biofilm agents15.               

The research described in Chapter 2, explored the influence of biofilm architecture 
and factors related to irrigation on biofilm removal. Also, the alterations induced on 
the structure of the remaining biofilms were examined. The chemical aspect of irri-
gation, utilization of standardized root canal-related dual-species biofilms of varying 
architecture, realistic contact surface between biofilms and applied irrigants and the 
multi-parametric biofilm assessment with OCT, CLSM and LLCT (removal, killing and 
viscoelasticity), were common methodological parameters in all studies comprising this 
chapter.       

To summarize the findings from each study, in Chapter 2A, we elucidated the role of 
biofilm architecture on biofilm removal induced by various endodontic irrigants. For 
that purpose, we developed dual-species (Streptococcus oralis-Actinomyces naeslundii) 
biofilms of different bacterial density and EPS/water content. With the aid of OCT, we 
visually demonstrated the bi-phasic biofilm response (disruption, dissolution) when 
exposed to anti-biofilm agents capable of inducing structural changes. We showed that 
the chemical removal capacity of sodium hypochlorite (NaOCl), EDTA and chlor-
hexidine (CHX) were strongly dependent on the biofilm architecture. In addition, we 
demonstrated that CHX has limited potential in removing the biofilms tested, regard-
less of the biofilm architecture. Lastly, by comparing the viscoelastic profiles of biofilms 
post-disinfection and by attributing specific viscoelastic elements to biofilm structural 
components, we recognized initial biofilm maturity as an influential factor of the visco-
elastic properties and the biofilm architecture of remaining biofilms.

Based on the finding of chemical recalcitrance of biofilms of specific architecture 
(bacterial dense/EPS-water poor) when challenged with 2% NaOCl (Chapter 2A), in 
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Chapter 2B we exposed this specific biofilm to different volumes of 2% NaOCl and for 
different time periods (application time and volume are irrigation factors often associ-
ated with the chemical anti-biofilm capacity of NaOCl). Imaging with OCT allowed us 
to quantitatively assess the bi-phasic alterations induced on the tested biofilms (disrup-
tion, dissolution) and conclude that, by increasing both time and volume, the anti-bio-
film efficacy of 2% NaOCl is augmented. The importance of volume was more conspic-
uous than that of time, in the sense that considerable biofilm dissolution was noted in 
shorter time by increasing the volume applied. In addition, analysis of the viscoelastic 
biofilm profiles suggested that the biofilms remaining after application of larger NaOCl 
volumes could exhibit increased resistance to further disinfection, while time increase 
did not induce structural alterations indicative of possible biofilm removal resistance. 
Lastly, the results from imaging and quantification of biofilm components with the 
CLSM corroborated the bacterial killing and EPS-lytic capacity of NaOCl as application 
time and volume increase. However, they also constituted a point for discussion around 
technical issues that could be the source of misinterpretation of findings derived from 
CLSM imaging.

In Chapter 2C, we wanted to test the generally accepted notion of enhanced biofilm re-
moval associated with the use of increased NaOCl concentrations on biofilms of differ-
ent architecture (Chapter 2A). We developed two biofilm types that differed in bacterial 
density and water/EPS content, but were similar in age (days allowed to grow). Similar 
to our previous investigations, we assessed the bi-phasic biofilm alterations (OCT) 
and the changes in the architecture of the biofilms post-disinfection, either by visually 
observing the biofilm components (CLSM) or by translating the viscoelastic findings to 
biofilm structural alterations (LLCT). Furthermore, in this chapter we provided some 
insights on the working mechanisms of NaOCl in relation to the biofilm architecture by 
analyzing the chemical product of the reaction between NaOCl and biofilms, namely 
the bubble formation. Our findings did not corroborate the linear, positive correlation 
between concentration increase and biofilm removal for the two types of biofilms test-
ed. Our experimental setup with the use of biofilms of different architecture, allowed us 
to generate hypotheses explaining this deviation from the expected norm. For the first 
time in this series of experiments, some considerations were raised regarding the quan-
titative analysis and interpretation of the OCT findings due to the extreme responses 
elicited by the use of very high NaOCl concentrations. Post-disinfection, the differences 
observed in the relative abundance of biofilm components as well as the analysis of the 
viscoelastic profile of the biofilms further corroborated these hypotheses.

Limitations, clinical implications and future perspectives

The bacterial species used for biofilm development (Streptococcus oralis and Actinomy-
ces naeslundii) are clinically relevant species frequently encountered in persistent root 
canal infections16. Especially for A. naeslundii, it has been reported as being the most 
frequent bacterial colonizer of root canals in immature teeth17. Moreover, its excellent 

co-aggregation capacity with S. oralis results in the formation of robust biofilms that 
are suitable for experimentation with anti-biofilm agents18. Nonetheless, root canal 
infections of immature teeth are polymicrobial in nature17 and thus, extrapolation of the 
findings of Chapter 2 to the diverse bacterial communities possibly found in infected 
immature teeth should be done with caution.

Future perspectives: development of multi-species root canal biofilms, subsequent char-
acterization of their architecture based on their viscoelastic profile (Chapter 2A) and in 
vitro testing under similar experimental conditions as described in Chapter 2.

The biofilm models used allowed for standardization of several methodological param-
eters previously overlooked. Nonetheless, they still lack direct clinical relevance, in 
the sense that they are not simulating biofilm growth in the root canal environment. 
The absence of dentine, which is known for its buffering capacity and reduction of the 
anti-biofilm and antibacterial efficacy of NaOCl19-21, as well as the absence of root canal 
anatomical complexities that constitute physical hindrance to biofilm disinfection22,23, 
may impact the clinical validity of our results. Regarding the latter though, it should be 
noted that maxillary central and lateral incisors constitute the majority of the infected 
immature teeth presenting for treatment, where anatomical complexity is not a major 
concern.

Future perspectives: development of root canal (dentine) biofilm models that would en-
able OCT assessment. This could be rendered feasible by manufacturing semi-transpar-
ent models (one half dentin and other half PDMS), in which biofilms of different archi-
tecture would grow on the dentine half, while the transparent PDMS half would serve 
as a “imaging window”. An alternative could be the manufacturing of fully transparent 
root canal models made of e.g., PDMS, in which biofilms of different architecture would 
grow and subsequently challenged with irrigant solutions containing dentine debris.

We demonstrated that biofilm architecture has a major impact on the anti-biofilm 
efficacy of several known endodontic irrigants used in root canal biofilm disinfection. 
Obviously, our findings are not only limited to infections of immature teeth but also 
to infected mature teeth (the most common clinical scenario). From a clinical point of 
view, it is not possible to identify pre-operatively the architecture of root canal biofilms. 
In that sense, it could be argued that the role of biofilm architecture in biofilm removal 
has limited clinical relevance. Nonetheless, by combining the results derived from the 
research described in this chapter, many aspects of the chemical effect of irrigants are 
illuminated and have translational character. Indeed, we believe that our findings have 
direct clinical applicability, even if the a priori knowledge of the architecture of the 
intent-to-treat root canal biofilms would not be available. 

In Chapter 2A, we showed that bacterial dense biofilms are considerably less prone to 
removal by 2% NaOCl, contrary to the biofilms that are richer in EPS and water content 
that were significantly affected. In Chapter 2C, we showed that 5% NaOCl possess con-
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siderable disrupting and dissolving biofilm capacities against bacterial dense biofilms. 
A direct clinical implication is that both concentrations could be alternatively used 
during treatment to render biofilm disinfection more effective. Moreover, in Chapter 
2A, the auxiliary role of EDTA for the bacterial dense biofilms was demonstrated, thus 
indicating an important role of chelating agents in removal of these NaOCl-resistant 
biofilm types. Its alternate use with NaOCl could be therefore beneficial, provided that 
the issue of deterioration of NaOCl efficacy due to the chemical interaction with EDTA 
is solved.

Future perspectives: testing the biofilm removal efficacy of chemically inert solutions 
that combine NaOCl and chelating agents (e.g., Dual-Rinse® HEDP).

In the clinical setting, the volume of the root canal system is finite and specific, which 
means that, at every time point, a specific volume of NaOCl can be accommodated. 
Therefore, the factor “irrigant volume” from Chapter 2B, may have limited clinical 
applicability. However, making a clinical analogy, we showed that by simply letting 2% 
NaOCl resting in the root canal environment for longer periods, considerable chemi-
cally-induced removal of difficult-to- eradicate bacterial dense biofilms can be achieved 
(Chapter 2B). Acknowledging this time-dependent chemical effect of 2% NaOCl, could 
improve disinfection of anatomical areas where irrigant convection (flow) is limited, 
e.g., apical ramifications and narrow isthmi/lateral canals.

Future perspectives: development of standardized root canal models including isthmi 
and lateral canals, where the chemical effect of several NaOCl concentrations will be 
tested for various time periods. 

The research described in Chapter 2A demonstrated the limited chemical effect of CHX 
on the biofilms tested. Indeed, not only was CHX unable to induce considerable biofilm 
disruption or dissolution, but it caused a re-arrangement on the biofilm architecture 
that is assumed to further impede biofilm removal. On the grounds of our findings 
and from observations coming from independent studies24-26, we suggest that the role 
of CHX in root canal biofilm disinfection be revisited and eventually the use of CHX 
abandoned. 

Future perspectives: testing the anti-biofilm efficacy of CHX on biofilms developed from 
other bacterial species in order to confirm its negative impact on biofilm removal.

Throughout Chapter 2, the benefits from the use of OCT in evaluating the efficacy of 
anti-biofilm agents have been clearly demonstrated. The non-destructive nature of this 
imaging tool enables pre- and post-treatment assessment of the same biofilm sample, 
giving also the potential for sequential use of different irrigation schemes (not evaluat-
ed in our research, future perspective). Live recording during irrigant application makes 
possible the illustration of eventual biofilm alterations induced by anti-biofilm agents, 

while happening (chlorhexidine in Chapter 2A, NaOCl-induced bubble formation 
in Chapter 2C). Additional advantages of the OCT are the accurate biofilm thickness 
measurements allowing for experimental standardization, acquisition of mesoscale 
three-dimensional images with microscale resolution, determination of mechanical 
biofilm properties (possible alternative of the sampling destructive LLCT) and its 
potential in providing information on the biofilm architecture12,27-29. Therefore, we rec-
ommend that OCT become a standard biofilm evaluation method, that combined with 
fluorochrome-based imaging, will add considerably to the build-up of our knowledge 
regarding biofilm response on various anti-biofilm agents.

 

baCterIal and bIofIlm modulatIon of stem Cells from apICal papIlla:  
effeCt on mIneralIzatIon (Chapter 3) 

General Discussion and Summary

The chance of encounter between biofilms and stem cells from the apical papilla 
(SCAPs) is highly likely when revitalization treatment in infected immature teeth is per-
formed. In these cases, where intra-radicular apposition of mineralized tissues (ideally 
dentin) reflects a positive treatment outcome, the concept of stem cell-induced mineral-
ized tissue formation in a non-sterile environment can be a clinical reality. Revitaliza-
tion treatment relies on the introduction stem cells from the periapical niche (ideally, 
survived stem cells from the apical papilla) within a not optimally disinfected root canal 
environment, considering the minimal mechanical biofilm disruption and the cautious 
irrigation employed30. While biofilm disinfection may suffice for the healing of the 
periapical inflammation, the results obtained in terms of intra-radicular formation of 
mineralized tissue are quite unpredictable and only remotely satisfy the histological re-
quirements31. However, de novo dentin-pulp regeneration has been demonstrated when 
in non-infected root canal spaces in humans32. The association between the absence of 
biofilm infection and the successful outcomes makes the scenario of microbial modula-
tion of the mineralizing properties of SCAPs seem plausible.

Most in vitro studies so far deal primarily with the effect of endotoxins from specific 
bacterial species (e.g., lipopolysaccharides) on the mineralizing properties of dental 
pulp stem cells (DPSCs)33-34. In an attempt to elucidate the microbial effect on den-
tal pulp cell-driven mineralization, a study investigated the effect of whole bacterial 
extracts on the mineralizing capacity of dental pulp cells35. However, the common de-
nominator of these studies is the absence of the biofilm mode of growth encountered in 
root canal infections, which may compromise the clinical translation of their findings. 
To that end, the effect biofilm-derived conditioned media on the properties of bone 
marrow stem cells was investigated36. Only recently a study investigating the effect of 
Enterococcus faecalis biofilms on the mineralizing capacity of SCAPs succeeded in simu-
lating the environment encountered in revitalization treatment of immature teeth37.
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DPSCs are equipped with Toll-like receptors (TLRs)38. Based on the knowledge derived 
from studies focusing on the consequences of TLR priming of mesenchymal stem cells 
(MSCs) on their osteogenic differentiation39,40, the immunocompetent profile of DPSCs 
opens arguably a whole new perspective on the issue of their TLR-mediated stem cell 
plasticity upon exposure on TLR-ligands, such as bacterial components. The debilitat-
ing role of TLR2 signaling on the mineralization capacity of DPSCs has been shown34. 
However, no relevant information on the stem cell fate of SCAPs exists. Due to the clin-
ical implications derived from a possible activation of TLR-receptors of SCAPs during 
revitalization treatment, further investigation on the effect of bacterial/biofilm ligands 
on the SCAPS-driven mineralization is warranted.

To summarize the findings from the research described in Chapter 3, we showed that 
exposure of human SCAPs to secreted products derived from bacterial species common-
ly found in root canals of infected immature teeth (Streptococcus oralis and Actinomyces 
naeslundii) inhibits the mineralization of SCAPs in a TLR2-dependent fashion. To our 
surprise, we discovered that the degree of inhibition depends on the bacterial species 
and growth mode. Specifically, secreted factors from S. oralis and dual-species biofilm 
significantly impaired the SCAPs-driven mineral formation compared to factors derived 
from A. naeslundii and dual-species planktonic suspensions. Also, extensive gene 
expression analysis suggested that SCAPs lose completely their dentinogenic capacity 
and acquire inflammation-associated phenotypical traits at the expense of their miner-
alizing phenotype, when exposed to specific bacterial and biofilm stimuli. Our results 
pointed to the TLR2 pathway as checkpoint of this immunophenotypical transition. 
Thus, we demonstrated that SCAPs can be subjected to microbial modulation which 
shifts their fate and function. 

Limitations, clinical implications and future perspectives

The exposure of human SCAPs to bacterial and biofilm conditioned media derived from 
root canal-related bacterial species is certainly clinically relevant, but by no means 
does it represent an in vitro situation that closely mimics the root canal environment. 
Eukaryotic (stem) cell/biofilm models where cells directly or indirectly interact real-time 
with the biofilms simulate more the in vivo conditions37,41. However, our results put the 
whole concept of microbial modulation of stem cells into another perspective, as, for 
the first time, the distinct influence of different bacterial species on the stem cell fate 
was shown. This challenges the findings by Vishwanat et al.37, in the sense that the stem 
cell response elicited by the monospecies Enterococcus faecalis biofilm may not be repre-
sentative of the response of SCAPs exposed to a multi-species biofilm threat.

Future perspectives: development of a new in vitro model simulating the root canal 
environmental conditions, that is, a model offering the potential for both direct and in-
direct (mimicking biofilm infection in dentinal tubules) multi-species biofilm challenge 
of SCAPs in a hypoxic environment.

The lack of characterization of the bacterial and biofilm conditioned media did not 
allow for the identification of specific TLR2 ligands that mediated the impairment of 
the mineralization capacity of SCAPs in our investigation. That made it impossible to 
determine whether the differences observed were the result of qualitative or quantita-
tive differences of the soluble factors present in the bacterial and biofilm secretomes. 
Needless to say that, especially for the biofilms, the identification of specific ligands 
responsible for the mineralization impairment is even more cumbersome, considering 
the multi-componential nature (bacteria and EPS matrix). However, recent evidence 
showing the capacity of different EPS matrix components to induce inflammatory 
responses42, makes this task even more compelling.

Future perspectives: separation of root canal-relevant multi-species biofilm compo-
nents (bacteria, biofilm matrix). Heat-inactivation of bacteria and sub-sequent co-cul-
ture with SCAPs. Extraction of biofilm matrix constituents (polysaccharides, proteins, 
eDNA) from root canal-related multi-species biofilms, quantification and exposure of 
SCAPs to each constituent separately.

The significant up-regulation of the TLR2 gene (but not TLR4) after exposure to se-
creted factors derived from S. oralis and S. oralis-A. naeslundii biofilms suggested the 
involvement of this receptor in immunological phenotypic transition of the SCAPs 
at the expense of their mineralizing phenotype. The rescuing of the mineralization 
capacity of SCAPs following blockade of the TLR2 receptor or its down-stream pathway 
(TAK1) verified the important role of the TLR2 signaling pathway at the mineralization 
impairment observed. The clinical implications of our findings are important. Provided 
that no disinfection protocol can guarantee biofilm sterility in the root canals of infect-
ed immature teeth, the introduction of pharmacological inhibitors of TLR signaling 
or down-stream molecules of TLR signaling could help maintain the mineralizing 
phenotype of SCAPs. However, this non-specific TLR inhibition would also shut down 
the TLR-equipped macrophages of the periapical area, thereby disturbing macrophage 
polarization43 and possibly compromising periapical healing. Extensive research is war-
ranted before any recommendations can be given for the clinical application of pharma-
cological TLR inhibitors in revitalization treatment.

dentIn matrIX modulatIon of stem Cells: effeCt on mIneralIzatIon (Chapter 4) 

General Discussion and Summary

Ideally, dentin-pulp regeneration is what revitalization treatment strives to achieve in 
cases of immature teeth with pulp necrosis and incomplete root development. Nonethe-
less, it has been already become obvious that the current cell-homing revitalization treat-
ment fails to live up to the regenerative expectations. Therefore, the primary goal of the 
treatment has shifted towards patient-based meaningful outcomes. Accordingly, wheth-
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er the treatment results in true pulp regeneration or not may be irrelevant, as long as 
the length and thickness of the root are increased by mineralized tissue apposition 
and the health of the alveolar bone is maintained44. Even so, the lack of reproducibility 
that revitalization treatment demonstrates in attaining this goal45,46 has raised however 
some concerns. These are, among others, related to certain limitations of the tech-
nique, as for instance, its unpredictability in delivering the type and number of stem 
cells required and in providing the right amount of inductive cues needed for the stem 
cells to function. The predictable autogenous stem cell delivery in the root canal and 
the appropriate growth factors seem to be two key features of successful results47. 

Predictable autogenous stem cell delivery requires cell transplantation approaches48. 
In order to keep revitalization treatment appealing, the clinical procedure should be 
easy to perform and cost-effective. Admittedly, this is a reason why the current clinical 
protocols have gained popularity. In the cell transplantation approach, the ex vivo 
expansion of autogenous stem is necessary, which already tips negatively the cost-ef-
fective balance. Regarding the stem cell type, the apical papilla or dental pulp (either 
from permanent or exfoliated teeth) constitute the ideal autogenous stem cell tissue 
sources49-51. However, considering their limited availability and the extensive expan-
sion necessary for reaching an adequate cell yield, the use of mesenchymal stem cells 
from other tissues emerges as a viable alternative. Mesenchymal stem cells from the 
umbilical cord presently meet the cost-effective criteria, mainly due to the stem cell 
banking already performed worldwide. This means that autologous UCMSCs from 
patients qualified for receiving a revitalization treatment are already stored in human 
stem cell banks and await a clinical application. This huge availability certainly calls 
for further investigation on their capacity to meet the revised goals of revitalization 
treatment.

It has been suggested that the fate of the transplanted cells is more site-associated 
than origin-associated52. Hence, and within the same context of cost-effectiveness, 
the use of “easy-to-harvest” bioactive molecules that signal dentin repair processes, in 
combination with autologous transplanted stem cells, seems fascinating. The exploita-
tion of the mineral-forming inductive capacity of bioactive molecules derived from 
the dentin matrix is not a new concept and is being already applied in the current 
revitalization treatment protocol53. However, the use of EDTA for the release of the 
fossilized dentin matrix growth factors results in the exposure of an unknown amount 
of immobilized growth factors on the dentin surface. Whether this exposure is enough 
to mediate the mineralization process of transplanted cells (or even endogenously 
homed stem cells) is currently unknown. On the other hand, the controlled provision 
of these inductive cues seems more likely to be able to regulate the differentiation 
of the exogenously delivered stem cells into mineralization-committed cells. From a 
practical point of view, dentin matrix components can be readily isolated and stored 
from the dentin derived from discarded human teeth and thereby, quickly accessed 
and utilized according to specific treatment needs. Furthermore, the mineralization 
inductive capacity of the dentin matrix components expands their application to all 

situations that require replacement of lost mineralized tissues (e.g., bone tissue engi-
neering), thus creating new opportunities for clinically feasible stem cell-based hard 
tissue regeneration.   

To summarize the findings from the research described in Chapter 4, we showed that 
dental pulp stem cells (DPSCs), umbilical cord mesenchymal stem cells (UCMSCs) 
and adipose stem cells (ASCs) differ strongly in terms of their mineralization capaci-
ty when stimulated with lowered concentrations of components derived from dentin 
extracellular matrix. From a quantitative point of view, UCMSCs performed excellent, 
followed by DPSCs, while ASCs did not seem responsive to the mineralization inductive 
cues coming from the dentin matrix components. From a qualitative point of view, we 
demonstrated distinct differences in the architecture of the generated mineralized tis-
sues. By analysing the microstructure of the mineralized tissues derived from the stimu-
lated DPSCs, we observed more resemblance to the mineralization pattern encountered 
in bone/dentin, as compared to the tissues generated by the stimulated UCMSCs. 

Limitations, clinical implications and future perspectives

The idea of combining a stem cell type that is easily and in abundance harvested from 
each individual, together with an easy-to-obtain “cocktail” of bioactive signaling 
molecules able to guide the dentino/osteogenic differentiation of the stem cells sounds 
promising for the development of effective hard tissue regeneration therapies. Indeed, 
by performing appropriate functional assays, we demonstrated that UCMSCs (and 
DPSCs) are highly responsive to the mineralizing inductive cues of the dentin matrix 
components. However, gene expression analysis after stimulation of UCMSCs and 
characterization of the content of the solubilized dentin matrix components were not 
performed. Especially regarding the latter, proteomic analysis studies have already 
revealed the plethora of bioactive signaling molecules that are released from the dentin 
extracellular matrix after EDTA treatment54-57. Interestingly, despite the abundant pres-
ence of the transforming growth factor β1 (TGF-β1) in solubilized dentin extracts58,59, it 
is the synergistic effect exerted from multiple bioactive molecules that seems to induce 
mineralization58. Linking the findings of the afore-mentioned extensive research with 
a gene expression analysis of the UCMSCs would arguably contribute to a deeper un-
derstanding of the signal transduction pathways that mediate the positive cell response 
to dentin matrix components. A clinical implication could be the future targeting of 
specific bioactive molecules that trigger the cascade of events leading to a predictable 
and regulated UCMSCs mineralization.

Future perspectives: transcriptomic profiling of UCMSCs undergoing dentin matrix 
components-driven differentiation.

Dentin-pulp regeneration is the absolute aim of revitalization treatment in immature 
teeth. Recently, an elegant in vitro study has demonstrated a clinically feasible way to 
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engineer a cell-laden, pre-vascularized pulp-like tissue construct; odontoblasts and en-
dothelial cells were loaded in gelatin methacryloyl (GelMA) precursor solution, which 
was incrementally loaded in a previously EDTA treated root canal model (for exposure 
of bioactive molecules from the dentin extracellular matrix) and subsequently pho-
to-crosslinked with a UV lamp to turn into a hydrogel60. This proof-of-principle study 
describes a tissue engineering technique (cells, growth factors, scaffold) that could 
become directly clinically applicable, provided that certain changes in the protocol are 
made (based also on the findings of the research described in Chapter 4). 

Future perspectives:

Cells: autologous human mesenchymal stem cells derived from the umbilical cord 
stroma (UCMSCs) and autologous human endothelial cells derived from umbilical veins 
(HUVECs). Umbilical cord tissue will be collected after childbirth and cells isolated and 
cryopreserved until use (this is a standard operating procedure that can be performed 
by stem cell banks).

Growth factors: solubilized dentin extracellular matrix components from discarded 
human teeth. They can be cryopreserved in big quantities in lyophilized form (dentin 
matrix components banking).

Scaffold: in situ photocrosslinkable autologous platelet rich plasma (PRP), collected 
from blood drawn from the patient at the time of treatment61. 

A not very far-reached scenario of a clinically applicable, financially affordable and 
regulatory feasible dentin-pulp tissue engineering approach could include the following 
steps (based on findings derived from our study and studies60-66):

1. addition of UCMSCs, HUVECs and reconstituted dentin matrix components in the 
PRP.

2. injection of the pre-cursor hydrogel bio-complex in the root canal of disinfected im-
mature teeth, addition of the photoresponsive hyaluronic acid and in situ photo-cross-
linking with light irradiation.

In this treatment scenario, the combination of UCMSCs and dentin extracellular matrix 
components will take care of the apposition of mineralized tissues, while the hydrogel 
PRP will serve as the necessary scaffold for the formation of a vascularized pulp-like tis-
sue. Vascularization will occur from the PRP growth factor-stimulated HUVECs, while 
the interplay between UCMSCs and HUVECS will enhance both the mineralization and 
angiogenic potential of the cell-laden bio-complex.
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This thesis aspired to scrutinize the research findings from a clinical standpoint and 
provide answers or generate questions directly applicable to the clinic. Having as a 
starting point valid questions related to the revitalization treatment of immature teeth, 
the research presented in this thesis attempted to bridge the gap between basic and 
translational research.  

Specifically, this thesis suggests that:

i.  biofilm structure is a factor that should be taken into consideration in basic research 
revolving around biofilm disinfection. Optical coherence tomography is a reliable 
biofilm assessment tool and should be routinely used in investigations exploring 
the biofilm removal capacity of anti-biofilm agents. Operator-dependent irrigation 
factors (irrigant concentration, irrigation time and volume) seem to be amenable to 
optimization for achieving improved biofilm removal.

ii.  bacterial and biofilm secreted factors modulate the fate and function of stem cells 
derived from the apical papilla in such a way that may compromise for the success of 
revitalization treatment performed in permanent immature teeth. From a transla-
tional perspective, our investigations suggest that the mineralization capacity of 
SCAPs can be rescued through inhibition of TLR signaling, despite the presence of 
bacterial and biofilm products.

iii.  guidance of the mineralization response of umbilical cord mesenchymal stem cells 
with dentin extracellular matrix-derived bioactive molecules opens new perspec-
tives in mineralized tissue engineering. From a translational standpoint, our find-
ings have significant ramifications for all medicinal fields relevant to restoring lost 
hard tissues, such as, dental, craniofacial and bone tissue engineering.  
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Dit proefschrift is thematisch onderverdeeld in drie onderdelen. Het onderzoek be-
schreven in de respectievelijke onderdelen is uitgevoerd vanuit een kritische analyse 
van de huidige procedures rondom een endodontische revitalisatie behandeling. Re-
vitalisatie wordt nagestreefd bij elementen met niet afgevormde wortels en necrotisch 
geïnfecteerde pulpa. Belangrijke onderdelen van de revitalisatie behandeling, zoals de 
biofilm desinfectie, invloed van bacteriën (planktonische of biofilm configuratie) op 
de stamcellen van de apical papilla (SCAPs) en het effect van producten uit de dentine 
matrix op mineralisatie van stamcellen, zijn onderdeel van het onderzoek. Voor ieder 
onderzoeksthema werd aandacht besteed aan het translationele karakter.

Het onderzoek in hoofdstuk 2 exploreert de invloed van de structuur van de biofilm en 
factoren gerelateerd aan irrigatie van het wortelkanaal op het verwijderen van bio-
film. Voor het eerst binnen de endodontologie werd ook het effect op de post-treatment 
remaining biofilm geanalyseerd. De chemische aspecten van irrigeren met verschillen-
de spoelvloeistoffen, het gebruik van gestandaardiseerde endodontisch gerelateerde 
dual-species biofilms met verschillende structuren, een realistisch en gestandaardiseerd 
contact oppervlak biofilm-spoelvloeistof en verschillende methoden om biofilm te 
analyseren zoals optical coherence tomography (OCT), confocal laser scanning microsco-
py (CLSM) en low load compression testing (LLCT) waren methodologische parameters 
gebruikt in de in hoofdstuk 2 besproken onderzoeken.

In hoofdstuk 2A hebben we voor het eerst de invloed van de structuur van de biofilm 
op biofilm verwijdering met behulp van verschillende spoelvloeistoffen onderzocht. 
Om dit te realiseren hebben we dual-species biofilms (Streptococcus oralis-Actinomyces 
naeslundii) ontwikkeld met verschillende dichtheid van bacteriën, EPS en water. Met 
de OCT, hebben we visueel een bi-phasic (disruption, dissolution) reactie van de biofilm 
kunnen waarnemen na contact met de gebruikte spoelvloeistoffen, natrium hypo-
chloriet (NaOCl), EDTA en chloorhexidine (CHX). Het chemisch effect van de geteste 
middelen hangt sterk af van de structuur van de biofilm. CHX is weinig effectief in het 
verwijderen van biofilm ondanks de structuur van de biofilm. Door bestudering van de 
visco-elastische profielen van de post-treatment remaining biofilms werd duidelijk dat 
het ontstaansproces van de oorspronkelijke biofilm bepalend is voor de visco-elastische 
profielen en de structuur van de post-treatment remaining biofilms.

In hoofdstuk 2B hebben we een bacterierijke gecondenseerde biofilm, die door NaOCl 
moeilijk is te verwijderen, in contact gebracht met verschillende volumes 2% NaOCl ge-
durende meerdere tijdsperiodes. Met OCT hebben we kwantitatief de bi-phasic (disrup-
tion, dissolution) veranderingen in de biofilm geëvalueerd. Het bleek dat zowel tijd als 
volume een positief effect hebben op het verwijderen van de biofilm. Echter, bij een ho-
ger volume kon de contacttijd aanzienlijk worden ingekort. Analyse van de visco-elasti-
sche profielen van de post-treatment remaining biofilms gaf aan dat, in tegenstelling tot 
een langere applicatietijd, het gebruik van een hoger volume meer resistentie van deze 
post-treatment remaining biofilms liet zien. CLSM bevestigde het positieve effect van 
tijd en volume op de antibacteriële en EPS-oplossende eigenschappen van NaOCl. Het 
effect van mogelijke misinterpretatie van CLSM imaging werd bediscussieerd.

In hoofdstuk 2C hebben we het algemeen geaccepteerde idee dat een hogere concentra-
tie NaOCl effectiever is in het verwijderen van biofilm getest op biofilms met verschil-
lende structuren. We hebben twee soorten biofilms gebruikt, gelijk in maturatie maar 
variërend in bacterie dichtheid en hoeveelheid water en EPS. Met OCT hebben we de 
bi-phasic (disruption, dissolution) veranderingen in de biofilm geëvalueerd. Met CLSM 
en LLCT hebben we het antibacteriële effect, EPS-oplossend effect en de visco-elasti-
sche profielen van de post-treatment remaining biofilms geanalyseerd. Onze resultaten 
lieten voor de twee geteste biofilm structuren geen lineaire positieve correlatie zien tus-
sen biofilm verwijdering en concentratie NaOCl. Omdat we verschillende biofilm struc-
turen en biofilm analysemethoden hebben gebruikt konden we hypotheses formuleren 
om te verklaren waarom er geen positieve lineaire correlatie was. Vervolgens hebben we 
voor het eerst inzicht kunnen krijgen in de werkingsmechanismen van NaOCl in relatie 
tot de structuur van de biofilm door de belvorming die optreedt na contact NaOCl en 
biofilm te analyseren. 

In het in hoofdstuk 3 beschreven onderzoek hebben we aangetoond dat blootstelling 
van menselijke SCAPs aan bacteriële afscheidingsproducten, afkomstig van bacteries-
oorten (Streptococcus oralis en Actinomyces naeslundii) die vaak worden aangetroffen in 
wortelkanalen van geïnfecteerde elementen met niet volgroeide wortels, de mineralisa-
tie van SCAPs op een TLR2-afhankelijke wijze remt. Het bleek dat de mate van remming 
afhangt van de bacteriesoort en de groeimodus (planktonisch of biofilm). Vooral de 
bacteriële afscheidingsproducten van S. oralis en de dual-species biofilm hebben een 
remmende werking op de mineralisatie. Een uitgebreide genexpressieanalyse gaf aan 
dat onder invloed van bacteriële stimuli, SCAPs hun dentinogene capaciteit volledig 
kunnen verliezen en ontstekingsgerelateerde fenotypische eigenschappen kunnen ver-
werven ten koste van hun oorspronkelijke mineralisatie fenotype. Een TLR2-pathway 
lijkt een mogelijkheid te zijn voor deze immunofenotypische overgang. 

In hoofdstuk 4 tonen we aan dat stamcellen afkomstig van de tandpulpa (DPSCs), 
navelstreng (UCMSCs) of vet (ASCs) sterk verschillen in hun mineralisatiecapaciteit 
wanneer deze gestimuleerd wordt door kleine hoeveelheden bioactieve moleculen uit de 
dentine matrix van elementen. Vanuit een kwantitatief spectrum beoordeeld waren de 
UCMSCs het meest effectief gevolgd door de DPSCs. De ASCs waren niet gevoelig voor 
de stimulatie door bioactieve moleculen uit de dentine matrix. Kwalitatief gezien, waren 
er verschillen in de architectuur van het gemineraliseerde weefsel. DPSCs produceer-
den gemineraliseerd weefsel dat meer gelijkenis vertoonde met bot of dentine dan de 
UCMSCs.

Conclusies

Het doel van dit proefschrift was om de onderzoeksresultaten vanuit een klinisch stand-
punt te analyseren en een antwoord te formuleren of vragen te genereren die recht-
streeks van toepassing zijn op de kliniek. Als startpunt voor ons onderzoeksavontuur 
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hadden we vragen geformuleerd rondom de revitalisatie behandeling van geïnfecteerde 
elementen met niet afgevormde wortels. We hebben geprobeerd to bridge the gap tussen 
fundamenteel en translationeel onderzoek.

Onderzoek beschreven in dit proefschrift suggereert dat:

• de structuur van de biofilm een belangrijke factor is bij onderzoek naar desinfectie 
binnen de endodontologie en onderdeel zou moeten zijn van de onderzoeksopzet. 
Optical coherence tomography is een waardevolle evaluatietechniek tijdens biofil-
monderzoek en zou tot het standard repertoire moeten behoren. Operateur-afhan-
kelijke factoren tijdens de wortelkanaal irrigatieprocedure (soort en concentratie 
spoelvloeistof, irrigatietijd en volume) kunnen geoptimaliseerd worden om het 
desinfectie proces te verbeteren.

• bacteriële afscheidingsproducten (afkomstig van planktonische of biofilm confi-
guratie) moduleren het lot en de functie van stamcellen afkomstig uit de apicale 
papilla zodanig dat dit het succes van een revitalisatiebehandeling van geïnfecteer-
de elementen met niet afgevormde wortels negatief kan beïnvloeden. Vanuit een 
translationeel perspectief bekeken suggereren de data van ons onderzoek dat in 
het geval van infectie, de mineralisatiecapaciteit van SCAPs positief beïnvloed kan 
worden door remming van de TLR signaling.

• sturing van de mineralisatie van stamcellen afkomstig van de navelstreng door 
bioactive moleculen uit de extracellulaire dentine matrix opent nieuwe perspectie-
ven in mineralized tissue engineering. Vanuit een translationeel standpunt bekeken, 
hebben onze data veel dwarsverbindingen met onderzoek in het medisch vakgebied 
met betrekking tot het herstel van harde weefsels.  
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