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Minimally invasive dentistry and the challenge of                      
dental caries

Cavitation of enamel tooth  
surface.

• What are the mechanical  
and micro-structural  
characteristics of enamel  
white spot lesions?

• Can we “heal” rather than  
surgically remove and  
replace?

These are your 18 year old daughtersteeth.  
What are you going to do?



Objectives:
●To understand caries formation and remineralisation
at different structural levels of enamel and dentine

●To understand the challenges for the  
remineralisation of enamel and dentinal caries

●To understand the current state of the  
remineralisation products



Dental Enamel: A natural bio-composite and bio-ceramic

› Dental enamel, as the most highly mineralized tissue in the human  
body, consists of 96 wt% inorganic materials, in the form ofcarbonated  
hydroxyapatite crystals.

›Other components of enamel include remnants of the organic
matrix  and loosely bound water molecules.

› Enamel crystallites are principally composed  
of calcium and phosphorous as hydroxyapatite  
Ca10(PO4)6(OH)2, with traces of sodium,

magnesium, chlorine, carbonate, potassium
and  fluoride.

TEM image of enamle HAcrystals  
(Yanagisawa and Miake2003)



Enamel structural level 1: 
Hydroxyapatite crystals and organic molecules

(Yanagisawa and Miake 2003) Shahmoradi et al2014

The organic phase (red arrow) is located among crystallites and has the function of “gluing”
HAp crystallites together, maintaining the hierarchical structure and enabling enamel to
sustain the mechanical loading during function (plasticizing effect).

In the first structural level, enamel is mainly composed of long HAp nano fibers  
which are thin ribbon-like structures with around 60-70 nm wide and ~20 nm thick.



Enamel structural level 2: 
Rod and Inter-rodunits

› In the second level, thousands of tightly packed apatite crystals are
bundled together to form the enamel rod (prismatic unit), with their
long axis approximately parallel to the longitudinal axis of the rod.

›

SEM image showing the rod and interrod units in dental enamel (Mosby Inc. 2002)



Enamel structural level 3: 
Bulk Hunter Schreger bands

At the largest structural level, dozens of enamel rods bundle together to 
form the Hunter-Schreger bands. These bands are approximately 50 µm 
wide and are visible because of the difference in the direction of light 
reflection and transmission among adjacent bands

Light microscope image of Hunter Schreger bandsin enamel



Hierarchy of enamel structure

›
›



Theories of caries aetiology

›

› A. Metabolisation of carbohydrates by bacteria, produces lactate (HL) and other  
organic acids that form H+ ions which demineralize the enamel beneath the 
surface of the tooth; calcium and phosphate from hydroxyapatite crystals 
are dissolved in the process(Hannig and Hannig  2010). B. 48 hour biofilm 
on enamel surface(Fejerskov, Kidd et al. 2003)

http://www.nature.com/nnano/journal/v5/n8/fig_tab/nnano.2010.83_F2.html


Demineralisation of Hydroxyapatite  
crystals

Formation process of central perforation. A. initial step in the central-perforation forming process.Adjacent white spots have
fused (arrows). B. Second step in the process of central-perforation production.A small hole is observable (arrows).

C.The next step in the process. This area shows the early stage of dissolution expanding over the central dark line.
D.Clear representation of the remnant of the dissolution site with saw-tooth indentations at the central dark line (arrowhead). Two  
missing unit cells of hydroxyapatite (arrow) cause a break in the Burgers’ circuit (white line). (Yanagisawa and Miake 2003).

Central perforation



Demineralisation of Hydroxyapatite  
crystals

peripheral dissolution: removal of unit cells from the crystal structure  

resulting in a saw-tooth dissolution-site rim.

(TEM image of hydroxy apatite crystals with A. peripheral and B. central dissolution (Yanagisawa and Miake 2003).



What is caries remineralisation?

› Definition: The deposition of mineral ions into crystal voids in  
demineralized enamel or dentine to produce net mineralgain.

› The aim of caries remineralisation: Restoring the structural integrity,  
improving the esthetics and reaching a functional level of mechanical  
strength.

› Remineralisation ≠ Prevention of demineralisation ≠ Enamel surface  
precipitation

Treatment approaches Preventive approaches



Enamel permeability and caries remineralisation

› Sound enamel is selectively permeable to different elements such as
hydrogen, calcium and fluoride due to the presence of the pores at the
prism boundaries and inter-prismatic enamel.

› Carious enamel has a highly porous structure with increased  
permeability to various molecules. These pores are formed due to  
central perforation and peripheral dissolution ofhydroxyapatite  
crystals.

› The increased permeability of carious enamel provides the 
opportunityfor the remineralisation of enamel lesions.



Enamel remineralisation at different structural level

The remineralisation process has been studied at different structural 
levels of enamel:

› Level 1 (Crystal level): Restoration, growth and formation ofnew  
crystal.

› Level 2 (Rod level): Restoration of prism body within the  
remaining framework of the demineralisedenamel.

› Level 3 (Tissue level): Remineralisation of enamel within the zonesof  
carious lesion.



› At the crystal level, remineralisation process occurs with  
three mechanisms including:

› 1-Restoration of partially dissolved crystals: In this remineralisation  
mechanism, new apatite unit cells are nucleated on existing partially  
dissolved structures.

› In crystals with central perforation, initially, small crystals nucleate  
epitaxially and begin to fill the voids and create an almost defect-free  
and less soluble apatite structure.

› In crystals with saw-tooth dissolution edges of the peripheral regions,  
crystalline formation occurs on defected crystal surfaces.

Level 1: Remineralisation of Hydroxyapatite crystals



Figure 1. Restoration of central perforated crystals. A. Three small crystals appear in the perforation site. B. Almost the  
final stage of central perforation restoration. Many small crystals fill the central perforation. Crystal lattices are connected  
perfectly (arrow). This is responsible for the hard surfacelayer.

Level 1: Remineralisation of Hydroxyapatite crystals

Restoration of partially dissolved crystals (Central perforations)



Figure 2. Restoration of partially dissolved crystals. A. Partial restoration of a dissolved crystal. The arrow indicates the  
restoration site, which is easily observed because its edge is free of indentations. B and C. Restoration of one partially  
dissolved crystal. Although the lattice is still imperfectly connected C., small crystals (arrow) on the defect surface have restored  
the elongated hexagonalconfiguration

Restoration of partially dissolved crystals (Saw tooth dissolution)

Level 1: Remineralisation of Hydroxyapatite crystals



› 2- Growth of existing crystals
With this mechanism, the remineralisation occurs on the surface of the  
surviving crystals and leads to the fusion of adjacent crystals.

This mechanism is also involved in the post eruption mineralisationand  
maturation of enamel in sound enamel tissue (Fluoride and saliva  
minerals).

Level 1: Remineralisation of Hydroxyapatite crystals



Figure 3. Growth of surviving crystals. A. The arrow indicates the direction of crystal growth (. The white arrow indicates the central dark line. ) B.
Growing towards the left side, this crystal has started fusing (black arrow) with a newly formed crystal lacking a central dark line. (Yanagisawa and
Miake 2003).

Growth of current crystals

Level 1: Remineralisation of Hydroxyapatite crystals



Level 1: Remineralisation of Hydroxyapatite crystals

› 3- Formation of new crystals
› New crystals are formed in both the surface layer of the existing  

crystals and the large inter-crystalline spaces in the subsurface  
demineralised area of the carious lesion.

› Structural studies revealed that these crystals are composed of
fluorapatite, hydroxyapatite, newly formed whitlockite, brushite and 
other calcium phosphate phases .



Formation of new crystals

Figure 4 Newly formed crystal A. newly formed crystal with a regular hexagonal configuration and no central dark line B. Three
sets of lattice striations intersecting at 60° angles. (Yanagisawa andMiake 2003).

Level 1: Remineralisation of Hydroxyapatite crystals



within› At the rod and inter-rod level, remineralisation occurs  
the remaining framework of the rod and inter-rod structure.

Level 2: Remineralisation at the rod level

Figure 5. SEM image of the surface of demineralised enamel. Note the preferential demineralisation of enamel rod



Cavitating enamel showing loss of mineral within the rods/prisms  
and crystal nucleation on the inter-rod regions.

Courtesy Graham Milicich



At the tissue level, enamel remineralisation has been suggested to occur in two
zones out of the four zones of enamel lesion.
The surface layer and dark zone are considered remineralisable zones but
body of the lesion and translucent zone as demineralized areas.

›

›Figure 6: Polarized-light micrographs (in water) of a single section enamel lesion used in an in vivo human model to  
observe the remineralization of a lesion through the use of fluoride therapy. A. The left micrograph is prior to placement in  
the appliance and B. The right micrograph is the same section after the experimental period in the patient’s mouth while  
using a fluoride regime. Note the reversal in the size of the body of the lesion indicating remineralization (Jensen and  
Faller 2005).

Level 3: Remineralisation at tissue level



›1-The surface zone is a relatively intact layer which covers the external  
surface of the natural carious lesion.

›2- Body of the lesion is the zone with 25-50 % porosity and forms the largest  
portion of the lesion.

3- Dark zone (Positive Birefringent zone) has a porosity of 5-10% and contains
not only the porosities similar size to the translucent zone but also pores with
smaller size compared to body and translucent zones. The smaller pore size in  
this region supposedly reflects the remineralisation and re-precipitation of the  
crystals.

›4- Translucent zone is the advancing front of the lesion and has about 1-2%
mineral loss with few large pores

› Demineralisation areas
Remineralisation areas
(presumably)

Level 3: Remineralisation at tissue level



Level 3: Remineralisation at tissue level

Figure 7 A. Ground section through an early carious lesion in enamel showing zones of the lesion B. Schematic diagram of differen  
zones of enamel lesion including 1-translucent zone 2-dark zone 3-body of the lesion 4- surface zone (Soames and Southam2005)



Tooth

HAP
Phantoms 
with  
different  
mineral  
densities.

Mineral density contours through  
lesion

Huang et al, J of Dentistry,  
35 (2007) 737-743

MicroCT to quantify mineral density within lesion.
Note presence of calibration HAP disks



2- Challenges for the remineralisation of  
enamel caries

Considering the mentioned mechanisms and instances of 
remineralisation, specifically at the crystal level, why cant we 
sucessfully remineralise all carious enamel lesions?



1- The presence of a high density surface layer:
• Limits access of external minerals and bioactive molecules to the 

porous demineralised areas beneath thesurface.
• Traps and precipitates external ions/particles on the surface.

Challenges for the remineralisation of enamel caries

Figure 8 XRMT image of a fissural enamel lesion. Note the presence of the high density layer on the surface of the lesion



Challenges for the remineralisation of enamel caries

2- Surface precipitation:
• Reduces permeability of the surface layer.
• Causes rapid reduction in mineral ion gradient.

3- Lack of concentration gradient within the lesion

4- Absence of a driving force to transport the minerals into the lesion



Figure 10: XRMT image of two white spot enamel lesions. Note the presence of the high density layer
on the surface of the lesions.

Challenges for the remineralisation of enamel caries

So, are enamel caries reminerisable via externally sourced
minerals?



3- The current state of the remineralisation  
products



› Based on the observed remineralisation process in natural carious 
lesions at crystal level and supposedly at the tissue level, various
materials and have been developed to increase the speed, depth
and extent of mineral gain in deeper partsof the lesion.

These include:

› 1-Fluoride

Currently the most efficient caries prevention material indentistry.

› 2-Calcium and phosphate based systems

The current state of the remineralisation products



Fluoride
› While low concentration of fluoride accelerates remineralisation of the  

carious lesion, high concentration of fluoride leads to precipitation of  
calcium fluoride like compounds on the surface of enamel.

› These precipitates are assumed to be a reservoir of fluoride which  
release fluoride specially when low pH causes the loss of phosphate,  
and triggers a slow dissolution of the calcium fluoride (Walsh2009).

The current state of the remineralisation products



The current state of the remineralisation products

Proposed action mechanisms of fluoride:
› 1- Decreasing the adherence of bacteria.

› 2- Limiting the actions of mutans streptococci and lactobacilli
by increasing the plaque pH indirectly.

› 3- Providing an antimicrobial effect against plaque bacteria through
the diffusion of hydrogen fluoride into bacteria.

› 4- Decreasing the susceptibility of newly erupted teeth through
the acceleration of enamel maturation.



› 5- Increasing the resistance of hydroxyapatite crystals by
displacing the hydroxyl group and incorporation of fluoride
into enamel apatite structure.

› 6- Inhibiting the demineralisation of hydroxyapatite crystals by  
stabilizing the crystal structure and lowering solubility product(Ksp)

› 7- Enhancing the remineralisation process through catalysing and  
accelerating the reaction rate of phase formation andtransformation  
(Featherstone 1999).

The current state of the remineralisation products



What does F impart to enamel?

Higher pH of plaque and CaF film on surface.

Extremely difficult to diffuse F into HAP crystals (high activation energy barrier).
Dr Linny Angker, Otago U PhD



Calcium and phosphate based systems
› Many remineralization systems are based on providing bioavailable  

ions of calcium and phosphate for the carious lesion throughdifferent  
delivery systems. These have been classified into three categories  
(Cochrane,Cai et al. 2010):

› 1- Un-stabilized Amorphous Calcium Phosphate Systems

› 2- Crystalline Calcium Phosphate Systems

› 3- Stabilized Amorphous Calcium Phosphate Systems

The current state of the remineralisation products



MicroCT
4 Pre-molars with WSLs from orthodontic extraction.  

2 teeth had surface layer removed.

MicroCT before treatment.
Treatments: CPP-ACP (Tooth Mouse GC) and Capodent (BioDental Solutions)  

CPP-ACP applied for 10 min, then stored in Artificial Saliva;  replaced 

daily. Neutral pH.

Capodent continuously; replaced daily  

Duration: 4 and 8 weeks

MicroCT after different exposure times.

In-vitro study of remin of enamel WSLs
Tiffany Wang PhD Syd Uni



Surface abraded

Capodent results similar for Tooth Mousse



Currently, effective remineralisation of subsurface natural enamel 
lesions is an unsolved challenge .

The current state of the remineralisation products

Source: BBCInc.



The current state of the remineralisation products

› Strong evidence for remineralisation of enamel at crystal level via  
several mechanisms.

› There are structural and chemical challenges limiting remineralisation
of enamel caries at tissuelevel.

› Strong evidence for the efficacy of current remineralisation materials  
in the prevention of enamel demineralisation.

› Efficacy of current remineralisation materials in remineralisation of  
natural subsurface enamel lesions is stillcontroversial.



Enamel brown spot lesions
Naturally arrested and … remineralized?

How do BSLs differ from WSLs?

Would you drill and fill them?

Mahdi Shahmoradi PhD Sydney Uni

XRMT image of a naturally arrested brown spot 
enamel lesion. Note the nearly sound mineral 
density of outer half of enamel and the extension 
of the lesion to the dentine.



MicroCT comparison of WSL and BSL

BSL

WSL



MicroCT of BSLs

How far has the demineralization proceeded?

What is the situation at the external surface, sub-surface and at DEJ?  

What is taking place? Has nature already developed a “healing” strategy?



Enamel brown spot lesions
Naturally arrested and … remineralized?

schematic image of a section through enamel and 
dentine, showing fluid filled tubules in the proximity of 
enamel

Possible contribution of pulpal complex in remineralization of enamel 
brown spot lesions through dentinal pulpal fluid ?

Dentinal pulpal fluid is a recipe rich in minerals and organic molecules.

http://www.speareducation.com/spear-review/wp-content/uploads/2012/07/Dentinal-tubules-image-copy.jpg
http://www.speareducation.com/spear-review/wp-content/uploads/2012/07/Dentinal-tubules-image-copy.jpg


Dentine
Ultra-smart, Nano-structured Composite Material

•Extremely tough
•Multiple toughening  
mechanisms
•Defense mechanisms
•Sensors; for load and  
temperature.
•Self repair?



› The dentin matrix is a three-dimensional network of collagen fibrils (type I) 
and noncollagenous proteins which are reinforced by minerals. 

The mineral phase is composed of carbonated hydroxyapatite nanocrystals 
which are either located in the spaces separating the collagen fibrils 
(extrafibrillar mineral) or in the gap regions of the fibrils extending between 
tropocollagen molecules (intrafibrillar mineral)

Dentine
Ultra-smart, Nano-structured Composite Material



Dentine
Ultra-smart, Nano-structured Composite Material

A dentine collagen fibril with extrafibrillar (arrow) and intrafibrillar 
mineralization by discrete apatite platelets (open arrowhead).Niu
et al. 2015



Comparison of MicroCT with Optical 
and  Mechanical Properties of 
Carious Lesion

Mineral Density Gradient Tooth06
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How Might Remineralisation Occur?

Any explanation for  
increase in mechanical  
properties? most likely  
due to deposition of  
mineral either from

Exogenous sources such as  
saliva or restorative material  
Endogenous sources from  
odontoblast processes or pulp  
cells

???



A Comparison of Hardness between Unsealed and Sealed Carious Dentin
Shimizu et al J. Osaka Univ. Dental School 21,153-163(1981)

Amalgam restoration, no change in softening curve but  
formation of secondary dentine.

Placed various restoratives directly on frank lesions for 18 months then tooth extraction



A Comparison of Hardness between Unsealed and Sealed Carious Dentin
Shimizu et al J. Osaka Univ. Dental School 21,153-163(1981)

Glass based cement showing a decrease in slope of softening curve!  
Note the development of secondary dentine.



A comparison of Hardness between Unsealed and Sealed Carious Dentin
Shimizu et al J. Osaka Univ. Dental School 21,153-163(1981)

Amalgam with Zinc oxide –Eugenol cement beneath. Slight hardening  
plus secondary dentine.



A Comparison of Hardness between Unsealed and Sealed Carious Dentin
Shimizu et al J. Osaka Univ. Dental School 21,153-163(1981)

Calcium hydroxide (Dycal). Note the profound  
hardening from pulp direction! Minimal secondary dentine!!  
Why??



Implications of Shimizu et al’s  
Observations?

Pulp able to significantly  
remineralise carious  
dentine, provided  
(bacteria?) initiated  
secondary dentine at pulp  
surface not developed.
Minimal indication of  
remineralisation directly  
from the restorative!
Surface remin occurs in  
natural lesions.

Restorative

Direction of
remineralis-
ation.

Kill bacteria before sealing?  
High pH restorative, H2O2 or  
ozone(?)
Antibacterial agent.
Stimulation of odontoblastic function.



Formation of Reactionary Dentine

Circular and uniformly distributed tubules of healthy teeth with odontoblast  
expression of TLR-2 but not TLR-4. DSP and MMP-2 are sparsely distributed.  
During extension of caries, LPS expressed by Gram negative bacteria triggers the  
TLR-4 signalling pathway which induces up-regulation of mmp-2, accompanied by  
up-regulation of timp-2 and mt1-mmp (down-regulation of endo180 enhances mt1-
mmp activity) resulting in cleavage of DSPP by activated mmp-2.
DSP cleaved from DSPP is deposited on newly synthesised collagen forming  
nucleation sites for hydroxyapatite crystal formation.
Low levels of TGF-β, released from dentine matrix is activated by bacterial acid or  
MMP-2, stimulate odontoblasts to increase collagen synthesis.

Charadram et  
al Bone 50
(2012) 265–275



Conclusions

Current popular restorative materials: Amalgam, Composite  
Resin and Glass cements Do Not encourage  
remineralisation.

These restorative materials are either acidic, non  
antibacterial and have other problems, such as curing  
shrinkage stresses.

Thus unsuitable for minimal intervention or non-surgical
restoration.

A new range of anti-bacterial containing restorative  
materials and associated treatments required.
This will require a detailed analysis of the material-bacterial  
colonies within dentine caries and associated pulp  
responses.



›Questions ???

›Thanks for listening.



Dent Mater. 2014 Jan; 30(1): 50–61.
doi: [10.1016/j.dental.2013.08.202]
Present and future of glass-ionomers and calcium-silicate 
cements as bioactive materials in dentistry: Biophotonics-based 
interfacial analyses in health and disease
Timothy F. Watson,⁎ Amre R. Atmeh, Shara Sajini, Richard J. Cook, and Frederic Festy

Results
The local bioactivity of the calcium-silicate based materials has been 
shown to produce mineralization within the subjacent dentin substrate, 
extending deep within the tissues. This suggests that the local ion-rich 
alkaline environment may be more favorable to mineral repair and re-
construction, compared with the acidic environs of comparable glass 
ionomer based materials.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3885799/
https://dx.doi.org/10.1016/j.dental.2013.08.202
https://www.ncbi.nlm.nih.gov/pubmed/?term=Watson%20TF%5BAuthor%5D&cauthor=true&cauthor_uid=24113131
https://www.ncbi.nlm.nih.gov/pubmed/?term=Atmeh%20AR%5BAuthor%5D&cauthor=true&cauthor_uid=24113131
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sajini%20S%5BAuthor%5D&cauthor=true&cauthor_uid=24113131
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cook%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=24113131
https://www.ncbi.nlm.nih.gov/pubmed/?term=Festy%20F%5BAuthor%5D&cauthor=true&cauthor_uid=24113131


Evaluation of the efficacy of calcium silicate vs. glass ionomer cement 
indirect pulp capping and restoration assessment criteria: a 
randomised controlled clinical trial—2-year results

Hashem, D., Mannocci, F., Patel, S. Watson T. F., et al. 
Clin Oral Invest (2018). https://doi.org/10.1007/s00784-
018-2638-0

Results
At 24 months, 15 teeth had failed to maintain vitality (6 
Biodentine™, 9 Fuji IX™). Clinical success rate of IPC 
for both materials was 72% and is related to the 
intensity of reversible pulpitis symptoms. No difference 
was found between T12 and T24 in the periapical (PA) 
radiographs and in the integrity of the resin composite 
restorations overlying Biodentine™ compared to Fuji 
IX™.



The Caries Management System: 
are preventive effects sustained postclinical trial?

R. Wendell Evans , Paula Clark and Nan Jia

Community Dent Oral Epidemiol 2016; 44; 188–197

It is concluded that in practices where adherence to 
the CMS protocols was maintained during the 4- year 
post-trial follow-up period, patients experienced lower 
needs for restorative treatment. The outcome of this 
clinical trial and its sustained legacy should stimulate 
dental schools and the profession-at-large to reshape 
their approach to caries management. As restorative 
care is not appropriate for non-cavitated lesions, the 
persistence of a restorative approach to caries control 
results in unnecessary invasive procedures, and brings 
into question the ethics of continuing this practice.
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