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ABSTRACT 

Dental caries is clinically seen as a yellowish-brown discoloration that can be 
explained by the reactions between proteins and sugars resulting in Maillard 
products. However, the discoloration of carious dentine is an imprecise 
indicator of whether or not the dentine is caries free. Other processes might 
act in concert with the Maillard reactions. This thesis describes how special 
functional groups formed in the carious process can be used in connection 
with dyes that selectively stain the carious tissue in order to avoid over 
excavation.  

The initial study aimed to analyse unique functional groups in sound and 
carious dentine and their presumed reaction with hydrazine derivative using 
Fourier Transform Infrared Spectroscopy (FTIR) and Time-of-Flight 
Secondary Ion Mass Spectrometry (ToF-SIMS). The second and third studies 
focused on the possible formation of covalent bonds between carious dentine 
and 15N2-hydrazine, 15N2-labelled Lucifer yellow, and stains carrying a 
hydrazine derivative respectively, using ToF-SIMS, solid-state NMR 
spectroscopy (13C and 15N) and light-microscopic observations. The latter 
aimed to evaluate the type of binding, electrostatic or covalent, to carious 
dentine. In a systematic review with an adjacent meta-analysis, the ability of 
a chemically based product in clinical caries excavation was evaluated by 
comparing the efficacy of chemo-mechanical excavation with that of 
traditional rotating instruments. 

The results revealed ester groups unique to the carious dentine, with a higher 
occurrence in the inner layer of carious dentine, which, after reaction with 
hydrazine derivative, form covalent bonds not seen in sound dentine. This is 
a selective binding in comparison with dyes with only an electrostatic 
binding capacity. The systematic review found that the chemo-mechanical 
excavation technique is as efficient as burs, albeit with a longer treatment 
time but with enhanced patient comfort.  

It is concluded that ester functional groups unique to carious dentine can be 
specifically stained with dyes carrying a hydrazine group, thereby acting 
selectively in distinguishing between sound and carious dentine. As a result, 
using a more precise indicator will support the identification of the end-point 
during clinical caries excavation. 
 
Keywords: Caries detection, Carious dentine, Caries removal, Carisolv, 
Chemo-mechanical, Covalent binding, Dental caries, Electrostatic binding, 
FTIR, Hydrazine derivative, NMR, Staining, Systematic review, ToF-SIMS 



 SAMMANFATTNING PÅ SVENSKA  
Att kunna särskilja sjuk och frisk tandvävnad under operativ 
kariesbehandling utgör en svår gränsdragning och en anledning till varför en 
mer specifik detektionsmetod efterfrågas. En majoritet av 
infärgningsmetoderna är av elektrostatisk karaktär och går att tvätta bort 
samtidigt som de även verkar färga in opåverkat dentin. En specifk 
infärgning till kariös vävnad skulle kunna skilja denna från frisk. Några 
kariesunika strukturer, d.v.s. molekylära enheter specifika för den kariösa 
vävnaden som sedan kan färgas, har hittills inte identifieras.  

Syftet med detta avhandlingsarbete var att studera om det finns molekylära 
förändringar som är unika för kariesvävnaden och om dessa kan detekteras. 
Därför har både karierat och friskt dentin renats fram och behandlats med 
olika substanser. Reaktionerna har därefter analyserats med ytkemiska 
instrument som infrarött ljus (FTIR), massupptagning (ToF-SIMS), 
strukturell teknik (NMR) och stereomikroskopi. Ett avslutande delarbete har i 
en systematisk utvärdering jämfört effektiviteten för avlägsnande av kariös 
vävnad av kemo-mekaniskt och borr. 

Delarbete I visade att det fanns unika kemiska strukturer, esterfunktioner, 
endast i kariös vävnad. Dessutom fanns en högre förekomst av estrar i den 
inre delen av kariesangreppet. I delarbete II sågs att olika markörer har 
varierande förmåga att binda till kariös vävnad till skillnad från frisk vävnad. 
Samma arbete visade också att man kunde skilja mellan specifika och 
ospecifika markörer. Hydrazinbaserade markörer visade sig binda kovalent 
till estergrupper. Delarbete III visade att estergrupperna i karies kan reagera 
med isotopmärkt hydrazin vilket gav nya kemiska föreningar. Den 
systematiska genomgången av kliniska studier där kemo-mekanisk 
borttagning av kariös vävnad använts (delarbete IV) visade att kemo-
mekanisk teknikologi är lika effektiv som roterande instrument för 
borttagning av karies.  

Studien visar att det finns unika grupper, estrar, i karierat dentin som går att 
färga specifikt med hydrazinderivat, vilket underlättar gränsdragningen 
mellan frisk och kariös vävnad. Detta reducerar risken för onödig borttagning 
av frisk tandsubstans. Vidare har kemo-mekaniskt kariesavlägsnande visat 
sig vara ett bra alternativ till roterande instrument för avlägsnande av kariös 
vävnad. 
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15NNMR	 nuclear magnetic resonance spectroscopy of the nitrogen 
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BRIEF DEFINITIONS 
 

Carious dentine The affected dentine; soft, discoloured and 
infected. Contains Maillard- and esters  

Dental lesion A cavity or progression of the carious process 
from the enamel-dentine junction to the pulp 
area 

Hemiacetal A reducing sugar with a free hydroxyl group 
(-OH) on C1 

Maillard product Formed in a reaction between a reducing 
sugar and the amino group of an amino acid 
or protein. The final product holds an imine 
(C=N) function, i.e. a Schiff base 

N- (di) acyl Nitrogen next to an acyl group (N-C=O), as a 
part of an amide  

Sound dentine The dentine tissue with no signs of infection. 
Hard and uncoloured. Also called healthy 
tissue or normal tissue 

Sugar acetals Acetals (or glycosides), sugars with ether 
linkage (C-OR) formed at the hemiacetal 
carbon (C1) with the loss of water 
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1 INTRODUCTION 

1.1 Background 

1.1.1  Dental caries  
 

The pathological event, i.e. an ecological shift in the diversity and amount of 
bacteria in the dental biofilm 1 is the origin of one of the world’s best-known 
diseases, namely dental caries. 2 

Even if the ethology of the caries disease is currently well known, it is still a 
condition affecting the majority of individuals worldwide, even exceeding the 
prevalence of many medical conditions. 1, 3 A clear reduction in caries 
prevalence has been seen in the younger age groups during the last few 
decades, but it is now well known that the disease has a very skewed 
distribution from both an international and a national perspective. 4, 5 
Increasing caries problems have recently also been observed among elderly 
individuals who retain a large number of their teeth to a high age. The disease 
is known to be influenced by different biological and socio-economic factors 
and both medical conditions, as well as global immigration, are examples of 
factors, which play an important role in this respect. 

The biological aspects of and the interaction between the tooth, the 
microflora and the diet are known as the Keyes triad. 6  When assessing the 
risk of an individual developing the disease and following the disease 
progression from a biological perspective, the number and type of 
microorganisms and the intake of carbohydrates are well-known factors that 
need to be evaluated. Today, the oral cavity is looked upon as an ecological 
system where an imbalance between disease-promoting and protective factors 
determines whether or not the caries disease will develop. 7 The cariogenic 
potential of the dental biofilm is often assessed by measuring the acidogenic 
potential, i.e. plaque pH in normal conditions or after sugar exposure. 8  

In all age groups, not least in the younger age groups, a great effort is being 
made to cope with the factors involved in disease initiation and progression. 
The most important prevention methods include strategies designed to 
change the oral environment, i.e. primarily dietary modification, and to 
strengthen the tooth surface or enhance the potential for remineralisation to 
the greatest extent by using fluoride. 9 The introduction of fluoridated 
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toothpaste is regarded as the main reason for the decline in caries prevalence 
since the middle of the last century. 9, 10  

For a large number of individuals, the disease process is not prevented and it 
will lead to a continuing demineralisation process, which, when it reaches a 
certain level, will be diagnosed as a carious lesion. From its initial stage, 
when it further spreads into the dentine, it will be judged as a manifest lesion, 
which often needs to be dealt with using operative treatment.  

Restorative procedures have been performed for more than 100 years and, for 
many dentists, the treatment of the symptoms of caries disease still 
constitutes the main part of their clinical work and the most common reason 
for a visit to the dentist. Different strategies for this work, including both 
excavation methods and the materials that are used, have been used over the 
years. In the early era of operative dental treatment, the principles formulated 
by GV Black in 1914 11 were the focal point, with the concept of “extension 
for prevention”. This often resulted in the removal of not only the diseased 
part of the tooth but also to a large extent healthy tooth tissue. The negative 
consequences of the excavation principles were often secondary caries and 
long-term fractures of tooth and filling. 12 Today the general concept of the 
operative treatment of caries diseases can be summarised in terms of 
“minimally invasive dentistry”, which focuses on preparation design, 
excavation techniques and material selection designed only to remove what is 
absolutely necessary, preserving sound tooth structure and increasing the 
longevity of the restoration. 13  

The caries-removal part of operative caries treatment can be divided into 
different parts. It consists of the technical parts, including cavity formation 
and the excavation process, as well as decision-making in order to establish a 
caries-free surface. The latter is known to be the subject of great intra- and 
inter-individual variations. Although known to consist of different zones, 
during clinical work, carious tissue is often regarded as one homogeneous 
tissue. Increased knowledge of the exact composition of the carious tissue is 
considered important in order to increase the potential for more secure 
restorative work. 
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1.1.2 The caries lesion  
 

The caries disease is a consequence of the interaction between cariogenic 
microorganisms and dietary carbohydrates. Together with their internal 
enzymes adding to the tooth surface, the bacteria form a nursing bed for 
broader colonisation. Bacterial organisms have to attach firmly to the surface 
in order to avoid being washed away by the salivary flow or by mechanical 
forces during chewing. Dental caries therefore develops where the microbial 
deposits are left undisturbed and allowed to accumulate in the biofilm. 6, 14 

The symptoms of the disease, i.e. the carious lesion, are the outcome of 
localised chemical alterations to the tooth surface. These alterations describe 
the imbalance between the tooth mineral and the fluid in the surrounding 
biofilm. 1 The shape of the lesion corresponds to the affected area of the 
biofilm covering the tooth surface that is left to vegetate. 14, 15 

A large number of microorganisms, with aciduric and acidogenic properties, 
play an important role in the initiation and further progression of dental 
caries. 16-18 The cariogenic bacteria in the dental biofilm extrude organic acids 
as metabolic by-products that will further affect the hard tissues. 19, 20 If 
disease progression is not stopped, this may proceed until the tooth is 
completely destroyed.  

The causal factors in the formation of a lesion are the ability of the cariogenic 
microorganisms to metabolise carbohydrates from the diet 21-24 and to form 
sugar polymers that will attach to the thin protein layer, i.e. pellicle, on the 
tooth surface. 15 This causes a reduction in the pH of the dental biofilm 25 
caused by extruding organic acids from bacteria harbouring the biofilm. 14, 20 

The mineral parts will dissolve in the aciduric environment and this will 
continue during the supply of organic material to the metabolically active 
bacteria. 26, 27 

The demineralisation process may start when a reduction in plaque pH below 
pH 5.5, the critical pH of enamel, occurs. 20 The corresponding critical level 
of dentine is pH 6.2. However, the caries process is inhibited when there is a 
balance between the calcium phosphate of the enamel and of the saliva. An 
increase in pH favours the remineralisation of the tooth surface when calcium 
and phosphate in plaque and saliva can be utilised. 28  

Dental caries is therefore the net result of a complex interaction between 
matrix bacteria, ingested foodstuffs, saliva components and remnants of 
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dental mineral, However, as the disease is established, all the factors 
mentioned above will successively influence the hard tissues, which will lead 
to the formation of a lesion.  

 

1.2 The sound and carious dentine 
 

The tooth consists of enamel, dentine and a pulp compartment. In particular 
the enamel, but also the dentine, are regarded as non-vital parts, as they are 
largely composed of inorganic materials, i.e. minerals. The ratios between the 
inorganic parts, organic parts and water are 95%, 3%, 1% (by weight) for 
enamel and 70%, 20% and 10% (by weight) for dentine.19, 29 The pulp 
constitutes the vital part of the tooth, as it is responsible for vascular transport 
and subsequently consists of organic matter. However, the dentine is 
connected to the pulp via the dentinal tubules, which reach into the enamel-
dentine junction. The dentine-pulp complex enables linkage via the two 
tissues where the odontoblast cells and nerve ends can protrude into the 
dentine. 30  

The enamel is shaped like inorganic rhombohedral crystals with the 
hydroxyapatite [Ca10(PO4)6(OH)2] arranged perpendicular to the tooth surface  
also referred to as biological apatite, due to the fact that the crystal lattice 
constant can vary as a result of the incorporation of carbonate (CO3

2-) or 
fluoride (F-). 31-34 The crystals are largely composed of phosphate groups and 
calcium ions (Ca2+), 19 which may dissolve when pH falls below the critical 
levels for enamel and dentine, respectively. 35 The organic content in the 
enamel consists primarily of enamelin, amelogenin and lipoproteins (about 
2% by volume). 33, 36, 37  

The compartment between the tissue cells is called the extracellular matrix. 
In dentine, the “matrix” is mineralised with hydroxyapatite, which forms the 
tissue and makes it tough and resilient, 38 because the dentine matrix is less 
calcified compared with the enamel and contains a larger degree of organic 
matter, i.e. proteins. 19 Moreover, dentine matrix also contains a network of 
long fibrous proteins that cross-link with slightly shorter fibrous or globular 
structures that anchors to the minerals. 39, 40  

More than 90% of the organic matrix in sound dentine represents the scaffold 
protein collagen predominantly of type I, which forms strong flexible fibres 
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integrating very tightly to the mineral phase that can be compared to 
reinforced concrete, in which the building steel represent the fibrous collagen 
molecule.  

The dentinal proteins are often divided into one group of collagens and into 
one very diverse group of non-collagenous proteins about 10% of the organic 
matrix 38 (TABLE 1). 

The human dentine collagen type I dominate the organic matrix, but also 
minor amounts of other collagens as III, IV, V, VI have been found 41. Type 
III has been detected in patients with dentinogenesis imperfect in reparative 
dentine of carious dentine and in pulp but never in dentine 42-44. However, 
Becker et al. suggested type III to be present in dentine and pre-dentine 
during matrix formation. 41 Nevertheless soluble fragments of collagens of 
type I, III, VI and XII have been found in non-enzymatically purified protein 
extracts of carious dentine. 45  

 
Table 1.  Non-collagenous proteins in dentine 

Non-collagenous proteins                   Reports to bind to the mineral 

Proteoglycans (PGs) 38, 46 - 

Posphoproteins 44, 46, 47 

(PPH, PPL, AG-1) 

yes 

Gla‐proteins 44, 48 
(MGPs, Osteocalcin) 

yes 

Phosphorylated glycoproteins 44, 47  - 

Acidic glycoproteins 44, 46, 49 

(Glycoprotein 60, 95 kDa, acidic DSP, Osteonectin) 

yes 

Serum protins 44 
(Albumin, α-2HS glycoprotein) 

- 

 

The non-collagenous proteins are mainly acidic in nature and are either 
phosphorylated or contain a high degree of carbohydrates such as 
proteoglycans (PG), phosporproteins (PPH; PPL), Gla-proteins, Ph. 
Glycoproteins, Acidic glycoproteins and Serum proteins. 38, 44, 46, 47  

The most common non‐collagenous proteins in dentine are the 
phosphoproteins, which are characterised by a high degree of phosphoserines 
and of varying phosphorylation, highly phosphorylated (PP-H) or low‐
phosphorylated phosphoprotein (PP-L), respectively. 38, 46 These groups of 
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proteins are also regards as the best-known acidic protein, which is a result of 
the many aspartic acids and phosphate groups. 44, 46 Localised in the 
mineralised matrix they bind with high affinity to both calcium and 
hydroxyapatite. 47, 48  

The MGPs (matrix Gla protein) contains Gla‐residues and di-sulphide 
bonding that seemingly binds Ca2+ more efficiently than other Gla‐proteins, 
in particular, γ- carboxyglutamic acid has been reported to interacting directly 
with the mineral. 44, 49  

Dentine also contains plentiful of proteoglycans (PGs) with the dominant side 
chain composed of glycosaminoglycan (GAGs) mainly of galactose units. 44, 

46 One type of PGs, PG II also called Decorine, has been found to bind to 
collagen type I. 46  

 

1.2.1 A macroscopic perspective 
 

The inorganic crystals are lost (e.g. the enamel and dentine are 
demineralised) through from the action of carious bacteria. This leaves the 
organic parts exposed to further reactions. Presumably the only permanent 
and detectable modification must be within the network of proteins. The 
organic matrix thus represents the remnants of the demineralisation process 
when minerals are lost due to the acidic environment. 19, 20, 26 When dentine is 
demineralised, the phosphoproteins readily dissolve although a minor part is 
still associated with collagens and forms an insoluble conjugate in the 
extracellular matrix. 39, 50-52 The other mineral binding proteins, such as the 
MGPs together with PGs further linked to the collagen molecule, may be 
released from the minerals, but they will be a part of an insoluble conjugate. 
53, 54 In either case the proteins/conjugates might be exposed to further 
bacterial activity unshielded from the former mineral structure, as a result the 
progression of a carious lesion will reflect the binding to the demineralisation 
remnants.  

Repeated fluctuations in pH from bacterial acidic attacks in the biofilm lead 
to a net loss of calcium and phosphate from the mineral and with time this 
makes the enamel porous. This is seen at the clinic as the first sign of a 
carious lesion, so-called initial or early caries located in enamel, which can 
be seen clinically as a white spot lesion or as a dark shadow on the 
radiograph. 33, 55 As the initial carious lesion continues and intensifies, the 
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area is increased often leading to an enamel breakdown. Food stain and 
further acidic producing bacteria give the lesion a darker colour 56. An early 
dental carious lesion can be arrested if bacterial plaque is removed, and with 
an additional contribution of calcium phosphate from the saliva together with 
fluoride exposure the re-mineralisation of the lesion may occur. 33, 34  

During caries progression, tissue breakdown continues and the lesion may 
finally reach the more vital parts of the tooth such as the dentine and even 
into the pulp. When the caries process reaches into the dentine, this tissue is 
softened by microbial acids as the acids dissolves the minerals. This leaves 
the organic matrix unprotected from enzymatic degradation and further acid 
exposure. The hydroxyapatite crystals are both smaller in size and less 
frequent in dentine in comparison to enamel, which presumably increase the 
dislodging rate of the minerals. 57 

From a clinical perspective the question of how much of the carious tissue 
that needs to be removed prior to application of a restoration has been 
discussed. It has been suggested that the outer softer portion needs to be 
removed before the restoration can be applied while the inner harder part has 
the capacity to re-mineralize. 58-60  

With the respect to the hardness, using the Knoop hardness test, the carious 
lesion can be divided into an outer and an inner carious zone from the 
enamel-dentine junction to the pulp wall. The outer carious layer is 
discoloured, infected and not possible to be re-mineralised and is Fuchsine-
stainable, whereas the inner carious dentine is uninfected and vital and may 
be remineralised. 58, 61-63 Discolouration has been observed in efforts to 
distinguish the infected from the non-infected parts in a lesion. However 
discolouration alone is not regarded as a reliable indicator of an infection, 60, 

64 as discolouration is less evident in active caries and bacterial invasion is 
usually diffuse and extends beyond the discolouration front. 59 This means 
that the caries process may proceed under the discoloration or not have any 
discoloration front at all.  

In an attempt to combine discoloration, the degree of infection and hardness, 
it was suggested that the progression stages of a lesion involve the zone of 
bacterial invasion, the zone of demineralisation, the sclerotic reaction zone 
and the reactive dentine respectively. 33, 63, 65  The zone of bacterial penetration 
also represents the discoloured zone and the outer carious dentine with the 
lowest Knoop hardness number, whereas the normal dentine zone (NZ) is 
uncoloured and is the most resilient with respect to the Knoop hardness 
value. Between theses zones is the transparent zone (TZ), described as being 
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uninfected by bacteria, almost uncoloured and also defined as the inner layer 
of carious dentine. More recently, a new zone has been described as being 
present between the transparent zone (TZ) and the normal healthy zone (NZ), 
the sub-transparent zone (STZ). In contrast with the collagen in the (TZ), the 
(STZ) is hardly altered and should therefore be reserved for reparative 
purposes. 66   

Finally in order to accurately excavate the affected zones of the lesion, 
knowledge of the carious tissues compositions is crucial in developing more 
secure restorative work. 

 

1.2.2 A microscopic perspective  
 

The dental lesion contains bacteria, bacterial cell membranes, enzymes, food 
remnants and other components from the oral cavity. Consequently, caries is 
biochemically very complex and non-uniform yet seemed glued together by 
the more or less degraded organic parts. Microscopic and histological studies 
on dental caries have revealed a porous, amorphous and fibrous tissue and it 
has been shown that the main constituents are proteins, but of what nature 
and in what state is still unclear. Therefore a reliable assumption would be to 
assume that the bulk of carious tissue consist of interconnecting forces 
between more or less disrupted collagen cross-linked with other proteins of 
which many are glycosylated. 38 As a result the organic phase is not 
disintegrated and dissolved as is the mineral and the remaining bulk of 
carious tissue is very well anchored to the cavity floor. A lot of scientific 
works have been performed during the years, 47, 53, 58, 61, 66-70-76 still there is 
more to be done about the chemical nature of the caries process as well as of 
the chemical composition and structure of carious tissue.  

The organic part of dentine consists of very different classes of proteins (see 
section, 1.2), but they all hold peptide bonds. (FIGURE 1, in red). The partly 
restricted bond consists of two different functional groups, the carbonyl 
(C=O) and the amino group (-NH) respectively. 
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 Small peptide with the N-terminus, the C-terminus and the peptide bond in Figure 1.
red  

 

 

 

 

 

 

 Maillard function on the N-terminus after reaction with carbohydrate and Figure 2.
an ester function on the C-terminus after reaction with carbohydrates (or an alcohol 
function), respectively. R´could be of carbon chain or H. 

 

As a consequence of acidic hydrolysis caused for instance of bacterial acids 
protonated groups such as carboxylic acid (COOH) or protonated amines 
(NH3

+) are formed after hydrolysis of the peptide bond. In addition, carious 
tissue is reported to be highly protonated 21, 67-68 and may further react with 
carbohydrates, amino acids, or foodstuff in forming products significant for 
the carious tissue. 67-68  

Previous studies of dental caries have revealed reactions between proteins i.e. 
the nitrogen of a free amino end and sugars in producing advanced glycation 
end products (AGEs; generally called Maillard). 69-70 As seen in (FIGURE 2, 
N-terminus in red and FIGURE 3). It has also been found that the AGEs are 
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mainly positioned in the triple‐helix region of the collagen molecule and are 
fairly resistant to the proteolysis activity of pepsin. 77  

 

 

 A visible lesion on a caries affected tooth referred to as Maiiard reaction Figure 3.
products.  

In addition to the Maillard reactions, other organic molecular alterations may 
occur in the carious tissue. Presumably there are also reactions between the 
carbonyl function (C=O) of the proteins and carbohydrates as well. (FIGURE 
2, C- terminus in red).  

It can be hypothesised that the organic acids in the carious tissue catalyse the 
esterification of the carboxylic acid side chains of the proteins in the presence 
of carbohydrates or other structures containing alcohol functions in a process 
similar to the Fischer esterification. 68, 80.The Fischer esterification progress is 
illustrated in FIGURE 4.  

 

 

 

 The formation of an ester by the Fischer esterification reaction. The Figure 4.
reaction represents an equilibrium that is catalyzed by acids (low pH) both ways. A 
large amount of water will direct the reaction towards the formation of carboxylic 
acids. 

 

The presence of esters in carious dentine has been investigated and it has 
been found that esterase’s are more common in carious tissue, than in intact 

on a caries affected tooth referred
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tissue. 78 Moreover, esters deriving from bacterial lipid components such as 
cholesterol esters have been recognised in both sound and carious dentine. 79 
There are also plausible esters formed, when bacteria metabolise substances 
like sugars and salivary glycoproteins pyruvate are converted to lactate (an 
ester). 21 Furthermore there is natural occurrence of lactones (cyclic esters) in 
a caries lesion derived from signal substances among S. mutans and 
Lactobacilli, respectively. 81, 82 Esters are more prone to be hydrolysed near 
the saliva because of the high water content and therefore less frequent in the 
outermost layer of the lesion.  Subsequently they are more likely to be found 
in the inner layer of carious dentine were the water content is lower.  

Different chemical reactions have been used in order to visualise dental 
caries. 83 Ester can be reacted with one such staining, forming a covalent amid 
bond with hydrazine derivative.  80 If the hydrazine molecule is part of a 
chromophore it can be visualised  (FIGURE 5, also structure [d] in FIGURE 6).  

 

  

 

 

 

 

 

  Section of a tooth where hydrazine derivatives (Amino Fluorescein C536, Figure 5.
Life technologies) react with the carious tissue. 

 

Both the Maillard reaction product and the esters are of covalent character, 
e.g. strong bonds, and may therefore describe one of many strong inter-
connecting forces of the carious tissue linked to the proteins in the cavity 
floor. 

 

Section of a tooth whereSS hydrazine derivatives (Amino Fluoresceinh
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1.3 Detection of the chemical alterations 
related to the caries progress 

 

In addition to tactile and visual control, the use of caries detectors has been 
suggested in order to distinguish carious dentine from sound dentine during 
the excavation process. 84-88 The reason for this is to help in the decision 
process prior to sealing the cavity as to whether or not the cavity is caries 
free. Today, a variety of chemical substances are used for this purpose with 
active colouring, such as acid red, basic fuchsine, FD&C or D&C in gel 
formulation respectively. All of them contain electrostatic groups. (TABLE 2) 

Table 2.  Caries detectors reported from the literature. 

Stain/dye in accordance with scientific 
papers 

Manufacturer Content 
Dye/gel 

Basic fuchsine 83, 89 - 0.5% Basic fuchsine in PG  

Caries Check™ 88, 90, 93  

 

Nippon Shika, Japan 

 

1% Acid red or 

1% Brilliant blue-FCF in PPG 

Caries Check Red™ 91 
Caries Check Blue™ 91 

Nishika Co., Yamanashi, 
Japan 

1% Acid red 52 or  
Brilliant Blue dye in PPG (300 
Mw) 

Caries Detector™ 58, 85, 90, 92, 93 Kuraray, Medical Inc, 

Japan 

1% Acid red in  

PG 

Caries Detector™ 91 Kuraray America 
USA 

1% Acid red 52 in  
PG  

Caries Finder G 92 Danville Materials, USA FD&C green dye in  
PG 

Caries Finder Red™ 91 Danville Materials, USA Acid red 52 in  
PG  

Sable SEEK™ 92 
 

Ultradent Products, USA FD&C green dye in glycol 
base 

SEEK™ 92 Ultradent Products, USA D&C red dye in  glycol

 base  

Snoop™ 92 Pulpdent Corp., USA Blue (patented)  
in PG 

 

Scepticism related to the use of dyes is reported in the literature, as they have 
been found to be non-selective, with the excessive excavation of sound 

Introduction



Ulrica Scherdin-Almhöjd 

13 

dentine as the result. 63, 64, 90, 92, 94-100 Staining with for example Acid Red has 
shown that the substance may also stain un-altered collagen in sound dentine 
resulting in over-excavation when all red-stained dentine is removed. 92, 94 97-98 

Demineralised enamel and dentine contain cations (Ca2+) and free protonated 
amines (NH3

+) to which negatively charged groups (SO3
2-), such as the 

substance acid red, could be attracted. 85 Sound dentine also contains charged 
groups to which dyes with oppositely charged groups can be added, 101  
which means that many dyes currently used in clinics may be unspecific 
(reaction schedules in (FIGURE 6, structure [c]).90  

It is possible to speculate about whether covalent and specific binding may 
occur between the hydrazine or a chromophore containing a hydrazine part 
and specific functional groups in carious dentine. One such chromophore is 
the substance Lucifer yellow. The only reactive part of the Lucifer yellow 
system that is able to form a covalent bond with the carious tissue is the 
hydrazine function that will react with carbonyl structures to form a new 
peptide or an acyl-substituted hydrazine product. 102 See the reaction models 
in the reaction scheme in FIGURE 6, structure [d]. 

 

 

 

a      b 

 

 

c       d 

 

 Suggested reactions between carious dentine and hydrazine derivative. Figure 6.
Structure [a] shows the caries-specific group (COO-R), structure [b] shows a 
hydrazine derivative (NH2NH2), structures [c] and [d] represents the reaction 
products when the hydrazine derivative reacts electrostatically and covalently 
respectively with the carious tissue. 
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Structure [a] in FIGURE 6 shows the protonated group (NH3
+) and the caries-

specific group (COO-R) formed in a suggested esterification process after the 
acid hydrolysis of a dentinal protein. Structure [b] in FIGURE 6 shows a 
hydrazine derivative with the reactive hydrazine (NH2NH2) and the 
electrostatic sulphate group (SO3

-). Structures [c] and [d] in FIGURE 6 
represent the reaction products when the hydrazine derivative reacts 
electrostatically and covalently respectively with the carious tissue The 
ammonium ion in [a] has reacted electrostatically with the -SO3

- group and 
the stain has formed an ion pair, a salt structure [c]. The hydrazine function -
NHNH2 in structure [b] has reacted with the ester function of structure [a] to 
form an amide [d] in a covalent binding manner. 

 

1.4  Chemo-mechanical excavation  
 

The actual caries excavation process can be performed using different 
techniques. The most common, both from an historic perspective but also 
among modern clinicians, is the use of rotating burs. Excavation using this 
technique is both quick and efficient, but it may be painful for the patient and 
often requires the use of anaesthesia. Removing carious tissue completely 
without damaging healthy tissue requires great skill, but it is seldom possible 
even for an experienced dentist. For deep cavities, the use of rotating 
instruments is even unsuitable due to the risk of breaking through the inner 
dentine wall and damaging the pulp. Consequently, alternative carious 
excavation methods have been developed. 103 They include chemo-
mechanical excavation, laser technology and air abrasion. They are all known 
to differ in the way they affect sound and diseased enamel and dentine and 
are known to vary in terms of both advantages and disadvantages.  

During the last few decades, an alkaline gel system has been introduced onto 
the market. This chemo-mechanical technique (Carisolv) displays good 
properties during the excavation of carious dentine, without any negative 
effects on healthy tooth substance or negative side effects on other oral 
tissues. Upon application, the two-component caries-disrupting gel softens 
the carious dentine to an extent where it can then easily be removed with 
specially designed hand instruments. Apart from successfully removing the 
carious dentine, this technique has been found to have little or even no effect 
on mineralised healthy dentine.104-110 It has also been found to be patient-
friendly, with the perception of less pain and an overall increase in comfort 
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111 Negative aspects mentioned are the fact that access first has to be reached 
using other instruments for those lesions not directly accessible and a longer 
treatment time compared to the use of rotating burs. 112  

The gel consists of a mixture of sodium hypochlorite and different amino 
acids in a mechanism through which the sodium hypochlorite transfers the 
chlorine atom to the amine function forming chloramines. 113-117 See FIGURE 
7. Earlier investigations report that the dentinal proteins act to start the 
destruction of the carious tissue. 108, 118 

Furthermore, the chlorination rate is reported to be lower for the reaction with 
amides in proteins than for the reaction with single amino acids, 117 that is 
thought to be the reason why it is less susceptible to intact tissue. A larger 
number of mono-chlorinated amino acids (RNCl) compared with di-
chlorinated amino acids (RNCl2) are formed in the alkaline environment of 
the sodium hypochlorite gel. 113, 114, 116. 119 the outcome of the chlorination 
seems to be depended on the pH 113, 119 of the gel. In addition; formations of 
chloramines are also highly depending on the concentration of the substrates. 
113, 114 The chlorinated amino acids in the gel may serve as a reservoir for 
chlorine to be transferred to the carious tissue, 120 as chlorinated amino groups 
of the amino acids might transfer chlorine to other amino-containing 
substrates in the carious tissue (FIGURE 7). 108, 116-117  

 

 

 The suggested formation of a chloramine by a two-step oxidation process Figure 7.
highly dependent on the pH. 

 

The overall effect of Carisolv mainly involves redox reactions starting with 
the chlorination of amino groups in the carious tissue. Likewise alcohol 
functions in the carious tissue may also be affected by the oxidising agent 
hypochlorite. In all, the oxidation processes takes part in the decomposition 
of the carious tissue. The de composition process may involve radicals as 
well as ionic mechanisms. Thus playing an important roll in removing 
without drilling. 121The decomposition of the carious tissue caused by 
hypochlorite may in part follow modelled illustrated in See FIGURE 7 of the 

NH2 NHCl NCl2 NNH NH

NaOCl NaOCl 
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decomposition of an N- chlorinated amino acid	
Carious dentine is highly glycosylated 67-68 and therefore contains plentiful 
glucosidic bonds that might be oxidised by sodium hypochlorite solutions. 122 
Even so, there is a need for a more detailed investigation of the way these 
reactions work in concert and of how Carisolv decomposes the carious tissue. 

The clinical efficiency as well as advantages and disadvantages of the chemo-
mechanical technique using the Carisolv gel have been extensively studied 
over the years. 123-125 It as early after the technique was introduced found that 
the treatment time was slightly longer, less need for anaesthesia and that no 
adverse reactions could be found. 104, 124, 125 However, during the planning of 
this thesis there were still a limited number of systematic reviews and meta-
analyses with focus on this technique found in the literature. 126-128  

Furthermore, combining the chemo mechanical excavation with specific 
caries stains is not yet fully investigated why there is a need for linking these 
techniques into a clinically situation.   

 

1.5 Choice of methods 
 

In order to avoid the misgivings and complexity associated with the many 
different purification steps, this thesis focuses on analysing powdered 
samples of carious dentine with the organic part still attached to the mineral. 
For this reason, the choice of methods is crucial for these preparations and 
also for the results. 

Extracting intact proteins is a challenging process. The complexity associated 
with the solubilisation of the mineralised tissue, including both sound dentine 
and carious dentine, requires both enzymes and acids to be solubilised. 
Human dentine has been found to be susceptible to trypsin, after which 
demineralisation by acids can occur. 129 However, it has been found that 
proteins can also be extracted without enzymes under mildly acidic 
conditions with additional sonication, although this is a time-consuming 
technique with many uncertainties in the numerous purification steps that are 
involved. 45  
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Over the years, a variety of techniques have been used in order to identify 
chemical alterations in carious tissue. They range from separation techniques, 
to surface chemistry analysis and histological analysis. 

The solubilisation of the carious tissue enables liquid analytical separations. 
One of them is the Positive Elson-Morgan reaction (a colorimetric 
determination), where amino sugars that are formed can be separated 
according to their charges by liquid chromatography. This is taken as 
evidence of the presence of carbohydrates in carious dentine. 68, 71 Non-
enzymatic crosslinks formed between sugar and protein from collagen digests 
of carious dentine tissue reactions such as pentosidine have been analysed by 
fluorescence measurements. 69-70 The fragmentation of collagen in carious 
dentine has been found after separation by sodium dodecyl sulphate (SDS) 
gels, followed by mass spectrometric analysis.  45  

Chemical alterations in hard tissue after different treatments, such as using 
rotary instruments, with chemo-mechanical techniques, after etching and 
adhesives to dentine and carious tissue have been frequently analysed with 
Fourier Transform Infrared Spectrum (FTIR) and scanning electron 
microscopy (SEM). 26, 66, 72 These methods do not require extensive sample 
preparation and protein purification prior to the analysis.  

ToF-SIMS is a more modern method and may add important information 
after different treatments of dentine and/or carious dentine in the solid 
state. It has been found that chemical changes in carious dentine can be 
detected using this technique. 53, 132  

Dentine surface analysis after different excavation techniques has previously 
been deduced by atomic force microscopy (AFM) and scanning electron 
microscopy (SEM). 107, 109 

Surface dentine after chemo-mechanical treatment has been found to be 
unaffected, with no remnants from the added chemicals observed and no 
alterations in the mineral phase of the dentine composition. Furthermore, 
micro-CT (X-ray) analyses have been used for the establishment of the 
caries-free surface in determining the caries removal effectiveness (CRE). 90  

Nuclear magnetic resonance, such as 13C NMR and 15N NMR, has recently 
been used to observe binding between dentine and dental adhesive. However 
a more recent technique, solid-state NMR, has been used for studies of 
structural changes in whole or sectioned teeth. 131, 133  
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Histological analysis of the collagen distribution of bacteria has been 
evaluated using light microscopy with the aid of dyes. 58, 61, 83, 94 However, 
often an unwanted staining of non-carious dentine might occur. 92, 97 The 
opportunity to analyse the colour changes of longitudinally sectioned lesions 
without adding any dye, using reflective light photomicrography, has been 
reported. 135 However, stereomicroscopy tends to over-score the lesion and, 
as a result, the addition of dye is still regarded as more accurate and reliable. 
86 Consequently, stereomicroscopic analysis with digital photographs on 
sectioned lesions can be regarded as useful for the detection of dyes in dental 
hard tissues. 

An attempt was therefore made to find unique groups (chemical alterations) 
incarious dentine, hopefully not found in dentine by FTIR and Tof-SIMS. 
Another challenge was to confirm the existence of these unique groups 
(presumably esters) by covalent bonding with hydrazine and therefore 
considered for light-microscopic analysis and NMR. The hypothesis was that 
there were unique groups found in carious dentine not detected in sound 
dentine, that these groups will react with hydrazine derivate and that the type 
of binding of different dyes to carious dentine varies. Finally, although 
chemo-mechanical removal of dental caries using Carisolv have been used 
clinically since the mid of 1990’s, there is limited evaluation when used in 
the primary dentition. Thus, the second hypothesis of this thesis was that the 
of this technique, when systematically evaluated, corresponds to what is seen 
for.  
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2 AIM 
 

The overall aim of present study was to confirm if there are any stable 
chemical alterations in carious dentine in comparison to sound dentine. To be 
able to distinguish these parts or groups from un-affected parts of the 
mineralised tissue, tissues were stained with specific dyes “carrying a 
hydrazine group”. The marked carious tissue can then be excavated 
preferably using the chemo-mechanical technique. 

In more detail, the specific aims were: 

 

• to identify unique chemical alterations, i.e. ester 

function groups, in outer and inner carious dentine not 

found in sound dentine.  

 

• to verify the presence of the ester groups by reacting 

with hydrazine derivative.  

 

• to elucidate the type of binding capacity (electrostatic or 

covalent bond) of different dyes to carious dentine.  

 

• to confirm the covalent bonding between a hydrazine 

based isotope and the carbonyl functions of carious 

dentine.  

 

• to systematically evaluate the clinical relevance of the 

chemo-mechanical system specified for excavation of 

carious dentine in the primary dentition.   
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3 MATERIALS AND METHODS 

3.1 Tooth samples  
 

Papers I-III  
 

For Papers I-III, permanent teeth with dentinal caries that had been extracted 
were collected from the local emergency dental clinic in the city of 
Gothenburg. The teeth were donated by the patients of their own free will for 
experimental purposes after they had been given information about the study. 
All the teeth had open carious lesions and so the carious dentine was 
accessible without any drilling. As reference teeth for sound dentine, 
premolars extracted prior to orthodontic treatment at the Department of 
Paediatric Dentistry, University of Gothenburg, were used. Both the children 
and their parents were informed about the aim of the study and had given 
their verbal consent. After extraction, all the teeth were handled without any 
identification, so that none of the teeth could be traced back to any specific 
individual. The teeth were stored in separate plastic tubes under humid 
conditions (1% NaCl, +4°C) until analysed. 

 

3.1.1 Sample denominations 
 

Papers I-III  
 

Various preparations and analytical methods for sound dentine and carious 
dentine were used in the different papers (I, II and III), shown in TABLE 3. 
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Table 3. An overview of the sample ID and analytical methods in the different 
studies  

Paper no: 
/sample 

Tissue/treatment Analytical method 

I: S01-SD Sound dentine1 FTIR (KBr) 
I: S02-SD Sound dentine FTIR (KBr) 
I: S03-ICL Caries – inner2- FTIR (KBr) 

I: S04-ICL Caries – inner FTIR (KBr) 
I: S05-OCL Caries – outer FTIR (KBr) 
I: S06-OCL Caries – outer FTIR (KBr) 
I: S07 Sound dentine, untreated (reference) FTIR-ATR 
I: S08 Sound dentine, Lucifer yellow/NaOH3 FTIR-ATR 
I: S09 Sound dentine, NaBH4/Lucifer yellow/ethanol FTIR-ATR 

I: S10 Caries – inner,  untreated (reference) FTIR-ATR 
I: S11 Caries – inner,  Lucifer yellow/NaOH FTIR-ATR 
I: S12 Caries – inner,  NaBH4/Lucifer yellow/ethanol FTIR-ATR 
I: S13 Caries – inner,  untreated (reference) FTIR-ATR-ToF-SIMS  
I: S14 Sound dentine,  untreated (reference) FTIR-ATR ToF SIMS 
I: S15 Caries– inner,   Lucifer yellow/NaOH FTIR-ATR-ToF-SIMS 

I: S16 Sound dentine,  Lucifer yellow/NaOH FTIR-ATR-ToF-SIMS 

II: FB Carious dentine, Patent Blue, NaCl/NaOH2 Microscope 
II: AR Carious dentine, Acid Red, NaCl/NaOH Microscope 
II: AF594 Carious dentine, AlexaFluor594 hydraz,NaCl/NaOH Microscope 
II: AFS Carious dentine, Aminofluorescein, NaCl/NaOH Microscope 

II: LYCH Carious dentine, Lucifer yellow.NaCl/NaOH Microscope 
II: FB+CH Carious dentine, PatentBlue+Lucifer y NaCl/NaOH Microscope 
II: FB+AS Carious dentine, PatentBlue+Aminoflu.NaCl/NaOH Microscope 

III: ND Normal dentine, reference1 ToF-SIMS-NMR 
III: CD Carious dentine, reference2 ToF-SIMS-NMR 
III: NDH1 Normal dentine, 15N2-hydrazine/water (HY) wash13 ToF-SIMS-NMR 

III: NDH2 Normal dentine, 15N2-hydrazine/water (HY) wash-2 ToF-SIMS-NMR 
III: CDHY1 Carious dentine, 15N2-hydrazine/water (HY) wash-1 ToF-SIMS-NMR 
III: CDHY2 Carious dentine, 15N2-hydrazine/water (HY) wash-2 ToF-SIMS-NMR 
III: CDHY Carious dentine, 15N2-hydrazine/water (LYHY) ToF-SIMS-NMR 

 
1 Published data on unaffected dentine designated sound dentine in Paper I and normal dentine in Paper 
III. They still represent the same type of tissue.  
2  Carious inner layer Paper I is of the same kind as carious dentine in Paper III. For Paper II, carious 
dentine represents the whole afftected area of the tooth sections.  
3  Lucifer yellow (=hydrazine derivative HD) in Paper I, whereas hydrazine derivative in Paper II 

represents three different dyes and, in Paper III, hydrazine HY (=15N2H4) is not a derivative.  
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3.1.2 Sample preparations  
 

Paper I  
 

Paper 1 was performed as three different substudies, Parts I-III. An overview 
of the experimental design is given in FIGURE 8. A total of 15 permanent 
molars were used for 16 different samples. The collection of sound and 
carious dentine was carried out by an experienced clinician using a hand 
excavator and by drilling under a normal dental operation light using 
magnification glasses. After removing the outermost parts of the carious 
tissue with a hand excavator, two layers (inner and outer) of the carious 
dentine were identified. 62 After excavation to hard dentine of normal colour, 
tested using a tactile procedure, 136 sound dentine was collected from the 
same tooth using rotating burs. Tissue from the two layers of carious and 
sound dentine were collected, rinsed in purified water and stored separately 
in Eppendorf tubes, which were left to dry in an ambient temperature.  

Sixteen pulverised samples S01-S16 were obtained for FTIR-ATR and ToF 
SIMS analyses denoted as Part I S01-02-SD; S03-04-ICL; S05-06-OCL. 
Part II S07-S12 and Part III S13- S16. (TABLE 3 and FIGURE 8). The 
pulverised samples in Part I were mixed with potassium bromide (KBr) and 
the mixture was pressed together into pellets of 100 mg for each sample with 
no further treatments before subsequent FTIR analysis. In Part II and Part 
III, the powdered sound and carious dentine samples were stained during 
different time periods with an aqueous solution of a 13 mM hydrazine 
derivative (Lucifer yellow CH, Sigma). Lucifer yellow is supposed to react 
with the ester function group discovered in the FTIR analysis in Part I. In 
order to avoid unwanted hydrogen bonding, carious tissue was repeatedly 
washed with both salt (NaCl, 1 M) and alkaline solutions (NaOH, 0.5 M), 
S08, S11, S15 and S16, (TABLE 3). In order to prevent reactions between 
Lucifer yellow and possible aldehydes and ketones that were present, the 
samples were also treated with the reducing agent, NaBH4, in an ethanol prior 
to the staining, leaving only ester functions for reaction with Lucifer yellow. 
This means that aldehydes and ketones turn into alcohol functions instead. 
After subsequently washing with 99% ethanol, samples S09 and S12 were 
treated with a 13 mM aqueous solution of the hydrazine derivative (Lucifer 
yellow CH, Sigma, USA) (TABLE 3).  
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For the FTIR-ATR analyses, the pulverised samples were pressed between 
diamond plates before the analyses. For the ToF-SIMS analyses, the 
pulverised samples were applied to double-sided conductive tape and 
mounted on a sample holder for the instrument. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 A flow chart of the experimental design in Paper I, Parts I-III . Figure 8.

 

Paper II  
 

Four permanent teeth were used for the experiments in Paper II. The teeth 
were mounted with cold-curing acrylate on holders for the Leica SP1600 
Low Speed Microtome (Leica Mikrosysteme Vertrieb GmbH, Wetzlar, 
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Germany). From each tooth, five sagittal non-decalcified sections with a 
thickness of 300 µm were cut in the bucco-lingual direction. After cutting, 
digital images were taken of all sections using a Leica M80 Stereo 
Microscope equipped with a Leica digital camera. The following five dyes 
(presented in TABLE 2) dissolved in water were used for the staining 
experiments: Food blue (FB) Acid red (AR), Alexa fluor 594 (AF594), 
Amino fluorescein (AFS) and Lucifer yellow CH (LYCH). Two mixed 
solutions, food blue+lucifer yellow CH and food blue+aminofluorescein, 
were also used (in all, seven dye solutions). The concentrations were set at 15 
mM under a neutral pH for all dyes. In order to evaluate the binding 
properties of the dyes to carious dentine, the tooth sections were exposed to 
the different dye solutions for 24 hours, followed by 24 hours in a salt 
solution, (NaCl, 1M), after which they were exposed to an alkaline solution, 
(NaOH, 0.5M), for 24 hours. The specimens were thoroughly rinsed with 
deionised water between the different exposure procedures. For each dye, 
two sections from two different teeth were used. Before exposure to the dyes, 
images of the sections were taken. Each section was then placed in a small 
plastic cup, a drop of the dye (10 µl) was applied to the carious dentine in the 
section and the cups were sealed with a lid to prevent them drying out. The 
experimental design is shown in FIGURE 9.  

 

 

 

 

 

 

 

 

 

 

 A flow chart over the experimental procedure in Paper II. Figure 9.

Dye 1, 2, 3, 4, 5, 6 , 7
Exposure 24 hrs/rinsing

Photo 1

Photo 2

Salt (NaCl)
Exposure 24 hrs/rinsing

Photo 3

Photo 4

NaOH
Exposure 24 hrs/rinsing

Sectioning of teeth
2x7 sections
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Paper III  
 

Carious dentine was collected from 15 teeth using a low-speed dental bur. 
After the outermost soft carious dentine had been removed by hand 
excavation, carious dentine was collected using a low-speed dental bur. 
Normal sound dentine was obtained from two caries-free premolars using a 
low-speed dental bur after removal of the enamel with a high-speed dental 
bur under water cooling. Prior to the staining experiments, the dentine 
samples were washed and then ground into a dry powder under liquid 
nitrogen. A total of 68.5 mg of carious dentine (divided into three lots) and 
41.5 mg of normal dentine (divided into two lots) were obtained. (FIGURE 
10). The stains preparation were prepared and denoted HY, LY and HY�LY 
(stain preparation can be viewed in Paper III. Material and methods). A flow 
chart of the dentine samples, staining procedures and analytical methods used 
is presented in (FIGURE 10). Aliquots of 100 µl from the hydrazine solution 
HY were added to 20.5 mg of carious dentine CD and 20.5 mg of normal 
dentine ND. After 24 hours, the samples were washed extensively with 
ethanol (96%), sodium hydroxide (0.5M) and Millie Q water. The washing 
procedure was repeated three times. The washed samples were denoted CD-
HY-1 and ND-HY-1 respectively and analysed with ToF-SIMS spectrometry 
and NMR spectroscopy. After the analyses, the two samples, CD-HY-1 and 
ND-HY-1, were washed once more in accordance with the aforementioned 
washing protocol. The washed samples were denoted CD-HY-2 and ND-HY-
2 respectively and analysed a second time with ToF-SIMS and NMR. The 
powdered 15N2-hydrazine-labelled lucifer yellow HY�LY was dissolved in 
Millie Q water (22 ml) and added to 20.5 mg of carious dentine and the 
mixture was kept at room temperature for 24 hours. In order to remove 
excessive stain, the sample was washed with slightly alkaline water, followed 
by washing with Millie Q water through a microfilter funnel. The washing 
continued until no yellow colour could be detected in the residual water using 
a UV/VIS spectrometer (Lambda 40 UV/VIS Spectrometer, Perkin Elmer 
Instruments, USA). The sample was allowed to dry at room temperature 
(denoted CD-HY�LY) and analysed with ToF-SIMS and NMR. (FIGURE 10).   
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 Flow chart showing the experimental procedures of staining and analyses Figure 10.
of normal and carious dentine (ND=normal dentine; CD=carious dentine; 
HY=hydrazine; HY LY=hydrazine-labelled lucifer yellow; washing=washing 
according to protocol in the text; ToF-SIMS=Time-of-Flight Secondary Ion Mass 
Spectrometry; NMR=Nuclear Magnetic Resonance spectroscopy). 
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3.2 General analytical methods 
 

3.2.1 Infrared spectroscopy (FTIR-ATR) 
 

Infrared is the light radiation between the visible light and the microwave 
regions. The frequency region of 400-4,000 cm-1 is of particular interest. 
Infrared radiation is absorbed and transferred by organic and inorganic 
molecules into energy of molecular vibrations, rotations and translations. 
Consequently, the vibrational energy levels of sample molecules transfer 
from ground state to excited state. The frequency of the absorption peak is 
determined by the vibrational energy gap between these states and the 
absorption pattern appears as bands in spectra. The frequency or wavelength 
of absorptions depends on the relative masses of the atom, the force constant 
of the bond geometry of the atoms and as a whole the dipole moment of the 
molecule. The unit is cm-1 or lambda; λ 137 Charts of the characteristic 
absorption of infrared radiation of known functional groups are used to 
determine sample structure, as certain functional groups give bands at the 
same frequency. 

In general, a FTIR spectrometer consists of a source, interferometer, sample 
holder, detector, amplifier, converter and a computer. In simple terms, the 
source radiation (λ, micrometer) passes the sample through the interferometer 
before it reaches the detector. 137  The signal is then amplified and converted 
to a computer in which Fourier transformation is performed. In addition, the 
scanning time of all frequencies is short, approximately 1 s, and the 
resolution is high, 0.1 ~ 0.005 cm-1. Moreover, the scanning range and 
accuracy of the wave number are high, ranging from ~ 5,000 - 10 cm-1 and 
with errors of ± 0.01 cm-1 respectively. Attenuated total reflection (ATR) is 
used for spectra of solids, regardless of the thickness. It enhances the signal 
in the IR region by an internally reflected IR beam generated from a dense 
crystal with a high refractive index in close contact with the sample. This 
means that the beam of light reflected from the crystal (or a transmitting 
medium) passes a short distance back from the sample to the crystal. If the 
sample has lower refractive values than the transmitting medium (crystal), the 
light passes through the material to a depth of a few micrometres giving an 
absorption spectrum. The advantages of the ATR technique are minimal 
sample preparation and the possible analysis of samples in their natural state, 
less purification, pressing into pellets, grinding and so on.  
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3.2.2 Mass spectrometry (TOF-SIMS)  
 

A mass spectrometer is an analytical tool for molecule identification where a 
sample is ionised by irradiation from a high-energy source, such as electrons 
(electro spray (ESI), laser (Matrix Assisted Laser Desorption/ionisation 
spectrometry, MALDI) or ions, as in secondary ion mass spectrometry 
(SIMS). 137-140 

TOF devices equipped with the SIMS technique ionise the solid surfaces of 
the sample by letting high-energy primary ions (ion gun) collide with the 
sample surface, thereby forming a beam of secondary ions, neutral particles 
and electrons, subsequently emitting from the surface. ToF-SIMS is also 
referred to as “static” SIMS, because a low primary ion current is used to 
“tickle” the sample surface to liberate ions. The secondary ions that form, 
also called sputtered ions (analyte ion), are then accelerated by an electric 
field (extraction field), ideally to reach the same kinetic energy (½m × v2; m 
is the mass and v the velocity) and passed into the time of flight mass 
analyser (TOF) under high vacuum. The ions “fly” through a flight tube to a 
reflector that focuses them on a detector. A Tof-SIMS spectrum is captured 
from the exact time (i.e. time of flight) at which each secondary ion reaches 
the detector relative to the initial primary ion pulse. As the ions have the 
same kinetic energy but different masses, the lightest ions travel more 
quickly than the heavier ions and reach the detector first. At the detector, the 
instrument software is able to convert the raw spectrum (ion counts as a 
function of arrival time), since the travel time, the flight tube length and the 
acceleration voltage are known, into a mass spectrum (a function of mass-to-
charge ratio m/z). In the mass spectrum, the intensity is plotted versus the m/z 
(mass-to-charge ratio). Because it is possible to measure the “time of flight” 
of ions on a scale of nano-seconds, it is possible to produce a mass resolution 
as fine as 0.001 atomic mass units. It is worth noting that ToF-SIMS only 
detects the secondary ions that are emitted from the surface (~1% of the 
emitted particles). Multiple charges are rare, normally the secondary ions of 
single charges, but a variation in the initial energy will lead to a variation in 
the time of arrival at the detector. This will reflect the resulting mass spectra 
of the secondary ions. For this reason, SIMS has appropriate electrostatic 
fields inserted into the flight part. Ions with larger initial energy will 
therefore penetrate this field a little further. As a result they have a longer 
flight part, take longer to arrive at the detector and do so at the same time as 
their sister ions. SIMS provides more efficient ionisation and reduces the 
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time of arrival for successively formed molecular ions compared with older 
ionisation methods 141-142  

 

3.2.3 Nuclear magnetic resonance spectroscopy 
(solid-state)  

 

Nuclear magnetic resonance (NMR) is the complete analysis and 
interpretation technique for determining the structure of organic compounds. 
The NMR spectrometer consists of a magnet, a radio frequency transmitter, 
which generates a resonance frequency, and a receiver to detect the resonance 
signals. Resonance relates to the phenomena of transitions that can only 
occur if the transmitter frequency (ν1) matches the Larmor frequency (νL) of 
the nuclei studied in the applied magnetic field. Any nuclei that have a spin 
angular quantum number (I) other than 0 can be detected by NMR analysis. 
For example, the isotopes of hydrogen 1H and carbon 13C have a spin of I = ½ 
and are therefore detectable. 143  

In the presence of a static magnetic field (B0) for nuclei with a spin of (I = 
½), two possible magnetic quantum numbers (m) exist, i.e. the spin states of 
(m=+1/2) and (m=-1/2) respectively. The different spin energy states (energy 
levels) are caused by the behaviour of the nuclei in a magnetic field (B0). A 
spinning charge like an atomic nucleus generates a magnetic field around 
itself, resulting in a “spin magnet” with a magnetic moment (µ) proportional 
to the spin (I). As a result, the difference in energy (ΔE) between the two spin 
states is dependent on the external magnetic field strength (B0). Furthermore, 
two spin states will have the same energy when the external field is zero, but 
they diverge as the field increases. The transition energy needed, i.e. (ΔE), to 
obtain NMR spectra comes from the irradiation of the sample with radio 
frequency (Rf or ν1), where energy corresponding exactly to the spin state 
separation (matches the Larmor frequency) of a specific nucleus will cause 
the excitation of those nuclei in the +1/2 state to the higher -1/2 spin state. A 
transition can only take place between adjacent energy levels.143  

A transition from a lower to an upper energy level corresponds to absorption, 
whereas the higher to the lower energy level corresponds to the emission of 
the electromagnetic waves of appropriate frequency. Either way, both 
transitions are responsible for the reversal of the spin orientations of nuclei. 
However, the populations in the lower levels of nuclei are more abundant, 

Material and Methods



Ulrica Scherdin-Almhöjd 

31 

which explains why the absorption of energy is the more dominant process. 
The signal shown in a spectrum thus equals the absorption process. After the 
pulse has been withdrawn, the spin system reverts to its equilibrium state by 
relaxation. The resulting frequency spectrum obtained after Fourier 
transformation is a result of the difference between the generator frequency 
and the resonance frequency (ΔE) of the sample. (ΔE) is usually given as a 
frequency in units of MHz (106 Hz). 143  

Commonly, the transition is induced to the sample by a pulse NMR method, 
as it allows all the nuclei of one species (for example, 13C) to be excited 
simultaneously by a fixed radiofrequency pulse at different time intervals, 
with the idea that all the nuclei will be irradiated equally in one experiment.   

In NMR spectroscopy, there is no absolute spectral scale, as the resonance 
frequency and the magnetic field are interdependent of one another in the 
resonance condition. So, as electrons are charged particles, they move in 
response to the external magnetic field (Bo) so as to generate a secondary 
field that opposes the much stronger applied field. This secondary field 
shields the nucleus from the applied field, so Bo must be increased in order to 
achieve resonance. A relative scale must therefore be used, where one 
determines the frequency difference between the resonance signal of the 
sample and that of a reference compound. Historically, the reference 
compound was added to the sample before each measurement and 
denominated the internal standard that will also have the chemical shift δ = 0 
from where the shifts are calculated. 143 Today, reference is instead made to 
the absolute frequency of the spectrophotometer magnet to calculate the shift. 
For solid-state NMR, an isotropic chemical shift could be revealed under fast 
magic angle spinning, where the directionally dependent character of the 
chemical shield is removed. 144  

Samples analysed by NMR can be liquids or solids. Molecular motions are 
restricted in solids and this results in slow relaxation and chemical shift 
anisotropy, which causes the line broadening of the solid-state NMR signals. 
144 -145A technique that can reduce or remove anisotropy (interactions between 
nuclei) is sample rotation, which is most frequently performed by magic 
angle spinning (MAS). In conjunction with cross-polarisation (CP), defined 
as CP-MAS, this provides much sharper signals than the direct excitation of 
heterogenic samples (such as powder samples). Using cross-polarisation, the 
abundant nucleus is excited and its energy is transferred to the observed 
nucleus.The RF power ratio (the pulses) applied has to be optimised for 
optimal magnetisation transfer. For example, the polarisation transfer from an 
1H to a 13C of the rotating frame must be weaker for the proton channel than 
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for the carbon channel. CP-MAS is a fundamental element of most pulse 
sequences in solid-state NMR spectroscopy. 144, 145 It engages the direct 
excitation of 1H spin, followed by CP transfer to another nuclei, and provides 
improved signal detection for 13C, 15N or similar nuclei.  

3.3 Specific methods 
 

3.3.1 FTIR (Paper I) 
 

In Paper I, the FTIR-KBR technique was used to analyse the difference in 
chemical composition between sound dentine and the outer and inner layer of 
carious dentine. The FTIR-KBr analyses were performed using a Mattson 
Cygnus 100 FTIR spectrophotometer with 4 cm-1 resolution (Thermo Fischer 
Scientific Inc., USA). The instrument was purged with analytical instrument 
quality air to remove atmospheric CO2 and H2O and dried and purified with a 
Balston type 75-60 air purification system. The spectra were baseline 
corrected using Omnic FT-IR software (Thermo Nicolet Corp., Madison, WI, 
USA). For all spectra, the same wave-number positions were chosen. Each 
spectrum was acquired from 100 scans and the resolution was 4 cm-1. To 
enhance and further survey peaks or specific shoulders, a Fourier Self-
Deconvolution technique was used, followed by spectral subtraction with 
sound dentine set as the reference, using the software for the FTIR 
instrument. The pulverised samples were mixed with potassium bromide 
(KBr) prior to subsequent FTIR analyses and pellets with a weight of 100 mg 
were made. 

In addition, IR measurements using FTIR-ATR were made to analyse the 
difference in chemical composition and, more precisely, to investigate the 
reaction with the possible ester carbonyl function group in carious dentine 
with hydrazine derivative that would give a change in the IR spectra. The 
FTIR-ATR analyses were performed using a Nicolet 6700 FTIR 
spectrophotometer (Thermo Nicolet Corp., Madison, WI, USA). A Smart 
Orbit diamond micro-ATR attachment was used directly to acquire spectra 
from the samples. The instrument was purged with analytical instrument 
quality air to remove atmospheric CO2 and H2O and dried and purified with a 
Balstron type 75-60 conditioner. The dry weight of each sample was 
approximately 1 mg. Before the analyses, samples representing sound and 
outer and inner carious dentine respectively were pooled FIGURE 8. For the 
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FTIR-ATR analyses, the pulverised samples were pressed between diamond 
plates before the analyses.  

 

3.3.2 ToF-SIMS (Papers I and III)  
 

The powdered samples were mounted using tweezers on double-sticky tape 
on steel blocks in a laminar flow hood. The analysis of the samples was 
performed in a ToF-SIMS IV instrument (ION-TOF GmbH, Germany) by 
rastering a 25 keV Bi3

+ beam over an area of ~150 x 150 µm or 200 x 200 
µm2 for 150-200 seconds respectively. The analyses were performed in 
positive and negative mode at high mass resolution (bunched mode: m/Δm ≥ 
4000 at m/z 30, Δl ~ 5 µm) with a pulsed current of 0.12 pA. 
 
In Paper I, ToF-SIMS was used to analyse the treatment of sound and carious 
dentine with a hydrazine derivative (Lucifer Yellow CH, Sigma, Mr: 521 
g/mol) in both positive and negative mode. The powdered samples were 
applied to double-sided tape on a silicon wafer and mounted in the sample 
holder before analysis. In Paper III, the 15N2-hydrazine was used in this study 
as a simple molecular model of Lucifer yellow. According to their mass-to-
charge ratio (m/z), the binding effects of 15N2-hydrazine and 15N2-hydrazine-
labelled Lucifer yellow to carious and normal dentine, the intensity (counts) 
in the positive spectra was observed. The measurements were normalised to 
the total ion counts, in order to minimise differences in measurement 
parameters and, as a result, all values were considered to be relative values. 
The mean values and standard deviations of the intensity of the selected 
peaks were calculated for each sample. 

 

3.3.3  Light microscopy (Paper II) 
 

In Paper II, microscopic analyses of sectioned teeth exposed to different 
staining methods were analysed. Digital images were taken of the specimens 
in Study 2 in a Leica M80 Stereo Microscope (Leica M80 with 8:1 zoom, 
x0.75, Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) in incident 
light against a matt black background. Digital images were taken of all 
sections using a Leica digital camera (Leica DFC420 C, Leica Mikrosysteme 



 

34 

Vertrieb GmbH, Wetzlar, Germany) equipped with Leica Application Suite 
LAS V3.7.0 (Leica Microsystems AG, Heerbrugg, Switzerland). 

 

3.3.4 Solid-state NMR (Paper III) 
 

In paper III, the solid-state 15N and 13C NMR magic angle spinning (MAS) 
nuclear magnetic resonance (NMR) experiments were performed on a 14.1 T 
Agilent Inova spectrometer (Larmor frequency of 60.8 and -150.9 MHz 
respectively), equipped with a 3.2 mm double-resonance MAS probe. 15N 
NMR spectra were obtained using cross-polarisation (CP) with a contact time 
rangning from 1 to 7 milleseconds and a repition delay of 2 s at MAS rates 
ranging from 5 to 14 kHz. The 15N chemical shift (δ) scale in ppm was 
calibrated on solid 15NH4Cl, which was set to 39.3 ppm. 154 The second ppm 
scale, referenced to liquid CH3NO2, was computed according to δ(CH3NO2 
liquid) = δ(15NH4Cl solid) – 341.168 ppm. The 13C CP experiments were 
performed at a MAS rate of 14 kHz, a repetition delay of 15 seconds and a 
contact time of one millisecond. The cycloalkane Adamantane was used as a 
reference for the 13C chemical shift scale. The spectral width was chosen to 
observe at least one spinning sideband, if any. The spinal decoupling strength 
was set to 85 kHz. A moderate non-shifted Gaussian window function of 15 
Hz was applied prior to Fourier transformation of the recorded time-domain 
signal.  

 

3.3.5 Light Microscopy  
 

From yet unpublished data (IADR, Florens) 146 the staining of carious dentine 
from open cavities in whole extracted teeth with different excavation 
methods, was compared. Drilling with a high-speed bur and chemo-
mechanical excavation (Carisolv, RLS Global AB, Gothenburg) after 
stepwise staining and excavation were examined with a Leica M80 Stereo 
Microscope (Leica M80 with 8:1 zoom, x0.75, Leica Mikrosysteme Vertrieb 
GmbH) and photographed by a Leica digital camera (Leica DFC420 C, Leica 
Mikrosysteme Vertrieb GmbH, equipped with Leica Application Suite LAS 
V3.7.0 Leica Microsystems AG),.  
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3.3.6 A systematic review of deciduous dentition 
using Carisolv or burs (Paper IV) 

 

The focused PICO questions 
 

The systematic review followed the guidelines of the Transparent Reporting 
of Systematic Reviews and Meta-Analyses. 147 The following focused PICO 
questions were set; what is the effect of using Carisolv on primary teeth for 
caries excavation compared with the traditional drilling technique regarding 
a) caries removal rate (clinically appreciated), b) clinical efficiency 
(treatment time) and c) patient comfort (need for anaesthesia). 

 

Eligibility criteria 
 

The study inclusion criteria for this review were clinical trials; randomised 
clinical trials and controlled trials aiming to evaluate the efficacy on the 
primary dentition using Carisolv or a traditional drilling instrument (control).  
The eligibility criterion was total caries removal without any time limit in 
each group. Furthermore, studies assessing complete caries removal outside 
common practice such as using a sharp probe were excluded. However, 
studies with the additional experimental groups to Carisolv or burs were 
included. 

 

Search strategy 
 

For the identification of studies to evaluate for this review, a unique search 
strategy to be applied to each database research was developed using the 
following key words: Carisolv and Chemo mechanical Caries Removal. No 
Mesh term matching Carisolv was found. 

Database research was conducted using MEDLINE via PUBMED (from 
1948 to December 2014), Web of Science (from 1948 to December 2014), 
and COCHRANE database SCOPUS (from 1969 to December 2014). 
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Two separate authors were charged with evaluating the eligibility of the 
studies and independently examined all the abstracts in the selected papers. If 
an abstract did not supply enough information to determine whether the paper 
met the inclusion criteria, a full report was obtained. The two authors 
assessed the papers independently in order to establish whether or not the 
studies met the inclusion criteria. All the studies which appeared to meet the 
inclusion criteria were obtained in full-text format. 

 

Data analysis 
 

The resulting data obtained from the studies answered the PICO questions on 
complete caries removal (binary yes/no), time taken (continuous) and pain 
threshold during the procedure, i.e. the need for anaesthesia by patients 
(binary yes/no). When raw data were not available in the text, tables or 
graphs, the author was contacted to obtain this information. A meta-analysis 
was conducted for all studies, interventions and outcome measurements. To 
compare dichotomous data, a calculation of the odds ratio (OR), along with 
95% confidence intervals (CIs), was used, whereas, for continuous data, the 
mean difference (MD) with 99% confidence intervals (CIs) was calculated. 
The Z-test was also used for each comparison. A random-effects model was 
applied to reassess all the data extracted from the included studies. Analysis 
was performed using Review Manager 5.3 software provided by the 
Cochrane Collaboration [Review Manager (RevMan)-Version 5.3.2012]. 
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4 RESULTS 

4.1 Chemical alterations in carious tissue 
 

Fourier Transform Infrared Spectrum (FTIR) enables analyses of chemical 
alterations in powdered form, without further purification. This was 
considered in Paper I. 
 
From the FTIR-KBr analysis in Paper I (Part I) none of the samples, sound 
dentine S01-SD, S02-SD, carious inner dentine S03-ICL, S04-ICL and 
carious outer dentine S05-OCL, S06-OCL exhibited a distinct ester carbonyl 
{C=O stretch} absorption peak around 1740 cm-1 in the deconvoluted spectra. 
(FIGURE 11).  
 

 
 Deconvoluted FTIR spectra from 4000-500 cm-1 of sound dentine S01-SD Figure 11.

and S02-SD (Part 1) carious dentine from the inner layer S03-ICL and S04-ICL in 
Paper I 

 

 

4000 3500 3000 2500 2000 1500 1000 500
-0.15

-0.10

-0.05

0.00

0.05

0.10

S06-OCL
S05-OCL
S04-ICL
S03-ICL
S02-SD
S01-SD

 

 

R
el

at
iv

e 
ab

so
rb

an
ce

Wave number cm-1



38 

However, shoulders were observed around 1740 cm-1 in the characteristic 
peak position of the ester carbonyl group for the inner layer of dental caries 
S03-ICL, S04-ICL and in one of the outer layers S05-OCL (FIGURE 11). 
After spectral subtraction with sound dentine S02-SD, peaks were seen in all 
the carious samples, S03-S06, with largest amount in the carious inner 
dentine, S03-ICL, at 1739 cm-1 and 1736 cm-1, respectively (FIGURE 12). 
Similar results were also found in Part II S10 and Part III S13, respectively 
(FIGURE 13). Carious dentine exhibits absorbance in the region of carbonyl 
esters at 1740 cm-1 using FTIR-ATR, whereas no shoulder was detected for 
the sound dentine sample S01-D. 

 

 

 

 

 

 

 

 

 

 

 

 

 FTIR spectra of the amide I band (Part I), representing carious tissue Figure 12.
from the inner layer S03-ICL & S04-ICL and outer layer S05-OCL & S06-OCL 
after the subtraction of sound dentine in Paper I. The shoulders at 1740 cm-1 
representing ester functions are marked with a dotted vertical line. 
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 Enlargement of the region of 1790-1720 cm-1 from the FTIR-ATR spectra Figure 13.
of the untreated inner layer of carious dentine from Part II S10 and Part III S13 
showing the ester function of carious dentine. 

 

In the spectral region 1800-400 cm-1 (Paper I, Part III), as illustrated in 
FIGURES 13b and d, four unique absorbencies for carious dentine S10-S12 
were found at 1740 cm-1 {carbonyl esters C=O}, 1340 cm-1 {C-H 
deformation; C-N stretch of primary, secondary and tertiary aromatic 
amines}, 1286 cm-1 {C-H deformation} and 1210 cm-1 {C-C(=O)-O stretch} 
compared with sound dentine S07-S09. FIGURE 14A. In addition the bands at 
1286 and 1210 cm-1 appeared enlarged after reaction with the hydrazine 
derivative (=Lucifer yellow) S11, S12 in comparison with the caries 
reference sample S10. (FIGURE 14 B). Moreover samples S11, S12 show that 
the spectral features associated with the carbonyl esters {C=O} at 1740 cm-1 
were changed, i.e. reduced or lost in contrast to sound dentine S10 (FIGURE 
14B).  
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 a-b: FTIR-ATR spectra (Part III), of sound dentine (a) and of carious Figure 14.
dentine (b) in Paper I. Unique absorbances for carious dentine S10-S12 compared 
with sound dentine S07-S09 were found at 1740 cm-1, 1340 cm-1, 1286 cm-1 and 1210 
cm-1. 

 

When comparing the amide I band at 1650 cm-1 with the phosphate band at 
1100 cm-1 of sound dentine (FIGURE 13A) and of carious dentine, an 
interesting difference in the mineral/protein ratio was observed, with lower 
values for the carious dentine (FIGURE 14A). The lower region of the spectra, 
the amide I band, was shifted from 1660 cm-1 for sound dentine to 1650 cm-1 
for carious dentine (FIGURE 14B). A shift in the intensity from the sound 
dentine S07-S09 and the carious dentine S10-S12 at 1450 cm-1 and 1417 cm-1 
was also found (FIGURE 14B). 

 

4.2 Binding properties with Lucifer yellow  
 

A carious sample treated with Lucifer yellow (hydrazine derivative) was 
analysed with ToF-SIMS in Paper I (Part III) viewed in (FIGURE 15). The 
spectra showed that the reference spectra of carious dentine had the largest 
mass fragment at 652.56 mass/charge (m/z), whereas after the staining with 
Lucifer yellow it contained masses up to 1505.56 m/z. Greater masses were 
thus detected after the reaction between Lucifer yellow and carious dentine 
S15 than before S13 (FIGURE 15). Moreover, fragmentation was observed 
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after the reaction between Lucifer yellow and carious dentine S15, where 106 
mass units were repeatedly lost. This was not found for sound dentine after 
the Lucifer yellow treatment. No differences before or after the treatment of 
sound dentine with Lucifer yellow were observed Paper I. ToF SIMS analysis 
of Lucifer yellow revealed no masses greater than 600 m/z.  

 

 

 

 

 

 

 

 

 

 

 The positive TOF-SIMS spectra (m/z) Part III, in Paper 1 of the inner Figure 15.
layer of carious dentine before [S13] and after [S15] treatment with NaOH/ Lucifer 
yellow.  

 

To verify the binding properties of Lucifer yellow to carious dentine a 15N2-
hydrazine was used as a simple molecular model of Lucifer yellow in Paper 
III. From the positive TOF-SIMS spectra the main contribution at the m/z 
34.03 derives from H2

15N-15NH2 and is therefore the most important peak for 
measuring hydrazine in the stained dentine (TABLE 4). In the negative ToF-
SIMS spectra on the other hand the peak at m/z 27.00 mainly contained a 
contribution from C15N fragments (in addition to 13CN, HCN).  
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Table 4. Occurrence of the main contributed mass fragments in normal {ND} 
and carious dentine {CD} after staining with hydrazine {HY}, Lucifer yellow 
{LY} and with 15N2-hydrazine-labelled Lucifer yellow {HY�LY}. Normal 
dentine stained with hydrazine after one washing procedure (ND-HY-1); and 
after a second washing procedure (ND-HY-2); carious dentine stained with 
hydrazine after one washing procedure CD-HY-1); and after a second 
washing procedure (CD-HY 2); carious dentine stained with partly 15N2-
labelled Lucifer yellow (CD-LY�HY).  

 
ToF-SIMS  

 
34.03 m/z (H215N-15NH2): positive mode 

 

 ND  ND-HY-1 ND-HY-2 HY�LY 
  0±0   1.30±0.45 0.34±0.13 360.00±166.00 

 CD   CD-HY-1  CDHY-2 CD-HY-LY 
  0.31±0.03 34.00±5.90 15.00±2.80 0.79±0.03 

 
27.00 m/z 27.00 (C15N): negative mode: 

 
 ND   ND-HY-1  ND-HY-2 HY�LY 

  0.19±0.03 0.52±0.03 0.21±0.04 2.80±0.32 
 CD  CD-HY-1 CDHY-2  CD-HY-LY 

  0.32±0.30 1.40±0.19 0.67±0.09 0.36±0.10 
 

 

The intensity (counts) at the m/z 34.03 of carious dentine stained with 
hydrazine decreased with the number of washes from the first wash CD-HY-1 
to the second washing procedure CD-HY-2, shown in (FIGURE 16). The 
highest intensity (≈31) was found for CD-HY-1, which was three times 
higher compared with CD-HY-2 (≈11). Unstained carious dentine CD and 
normal dentine stained with hydrazine after a second washing procedure ND-
HY-2 only reached an intensity value of 2. The relative intensity of 
hydrazine-stained carious dentine CD-HY-2 was considerably higher 
compared with stained normal dentine ND-HY-2 (TABLE 4 and FIGURE 16). 
Moreover, the relative intensities for carious dentine CD at the peaks of 34.03 
and 27.00 were all higher compared with normal dentine ND, indicating 
changes in the dentine caused by the caries process (TABLE 4 and FIGURE 
16).  
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 The relative intensities (Log10) of the mass-to-charge ratio (m/z) from the Figure 16.
ToF-SIMS analyses for the peaks of 34.03 (Pos mode) and 27.00 (Neg mode) 
respectively. Normal and carious dentine (ND=normal dentine; CD=carious 
dentine). Hydrazine-stained normal and carious dentine after one washing procedure 
and carious dentine stained with 15N2-hydrazine-labelled Lucifer Yellow (ND-HY-
1=normal dentine; CD-HY-1=carious dentine; CD-HY LY=carious dentine). 
Hydrazine-stained normal and carious dentine after two washing procedures and 
carious dentine stained with 15N2-hydrazine-labelled Lucifer Yellow (ND-HY-
2=normal dentine; CD-HY-2=carious dentine; CD-HY LY=carious dentine). 

 

4.3 Binding properties with hydrazine  
 

15N NMR spectra were obtained for carious dentine treated with hydrazine, 
H2

15N-15NH2, CD-HY-2 and CD-HY-1 to confirm presumed covalent bonding 
to the carbonyl groups of carious dentine. The 15N CP spectrum revealed four 
resonances at around 50, 105 and 125 ppm and at 173 ppm. The resonances 
were assigned to 15N bound to carbonyl groups and the corresponding 
molecular structures are depicted in FIGURE 17.  
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 15N CP MAS spectra of carious dentine stained with hydrazine after one Figure 17.
washing {CD-HY-1} at a 5 kHz MAS rate, a contact time of 0.8 ms (black), a 13 kHz 
MAS rate and a contact time of 7 ms (blue) respectively. Two 15N chemical shift 
scales are shown referenced to liquid NH3 (i) and to CH3NO2 (ii). 

 

To ensure that the observed 15N resonances arise from covalently bound 
nitrogen atoms, the CD-HY-1 sample was washed extensively for a second 
time and dried CD-HY-2. The 15N CP spectra of both CD-HY-1 and CD-
HY-2 are shown in FIGURE 18 (bottom) and all 15N signals were still 
observed after the second washing step. Furthermore no detectable 15N 
signal was observed for the additional 15N CP spectrum of normal dentine 
ND and carious dentine CD as shown in FIGURE 18 (top). 
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  15N CP MAS spectra of normal dentine ND, normal dentine stained with Figure 18.
hydrazine and after the first washing procedure ND-HY-1, carious dentine CD, 
carious dentine stained with hydrazine and after the first washing procedure CD-
HY-1 and after the second washing procedure CD-HY-2 at a 5 kHz MAS rate and 
contact time of 1 ms. Two 15N chemical shift scales are shown referenced to liquid 
NH3 (i) and to CH3NO2 (ii). 

 

4.4 Visualisation of the covalent binding with 
hydrazine 

 

Stereomicroscopic observations of sagittal uncalcified sectioned teeth 
exposed to dyes with different binding properties, such as Food blue (FB) 
and Acid red 1 (AR), for electrostatic binding properties, and amino 
fluorescein (AFS), Lucifer yellow potassium salt (LYCH) and Alexa fluor 
594 (AF594), for both covalent and electrostatic binding properties, showed 
that the covalent dye binds to carious dentine in (Paper II). The covalent 
properties originate from the hydrazine part of the dyes that, after binding to 
carbonyl ester, form a covalent bond to the carious tissue in (Papers I-III).  
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Stereomicroscopic observations of sagittal un-calcified sectioned teeth 
exposed to dyes with different binding properties such as Food Blue (FB) and 
Acid Red 1 (AR) of electrostatic binding properties and Amino Fluorescein 
(AFS), Lucifer Yellow potassium salt (LYCH), Alexa Fluor 594 (AF594), of 
both covalent and electrostatic biding properties showed the covalent dye to 
bind to carious dentine. In Paper II .The covalent properties originate from 
hydrazine part of the dyes that after binding to carbonyl ester form a covalent 
bond to the carious tissue in Papers I-III.  

To be able to exclude the effect of different concentrations all dye solutions 
were performed within the same concentration (15 mM). The long exposure 
time of 24 hrs enabled the reactions to reach chemical equilibriums for the 
different treatments. (Flow chart in FIGURE 9). From the following 
microscopic analysis, it was deduced that dyes still remaining after the 
competitive reaction of the high ionic strength i.e. after the competitive 
reaction of the high ionic strength (NaCl, 1 M) and from the additional strong 
basic solution (NaOH, 0.5 M) must be covalently attached to the tooth cavity. 
Dyes not attached to the cavity after the basic solution treatment was deduced 
to be of electrostatic character (FIGURE 19). Furthermore, it was found that 
healthy tissue was not stained by the hydrazine dye (FIGURE 20-21 d).  

 

 

 

 

 

 

 Staining with Acid red (210633, Aldrich, USA) at initial (a), dye treatment Figure 19.
24h (b), NaCl (1 M) treatment (c), and NaOH (0.5 M) treatment (d) during 24h. 
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 Figure a-d: Staining with Alexa fluor 594 (A10438, Life technologies, Figure 20.
USA) at initial (a), dye treatment 24h (b), NaCl (1M) treatment (c) and NaOH (0.5M) 
treatment (d) during 24h. 

 

 

 

 

 

 

 a-d Staining with Lucifer yellow (L0144, Sigma, USA) at initial (b), dye Figure 21.
treatment 24h (b), NaCl (1M) treatment (c) and NaOH (0.5M) treatment (d) during 
24h. 

 

4.5 Visualisation of the covalent binding after 
chemo-mechanical excavation 

 

The application of a mixed solution with hydrazine, food blue and lucifer 
yellow CH, on whole caries-affected teeth showed that hydrazine stains 
carious dentine in a specific manner. After the cavity floor was prepared 
either using the chemo-mechanical technique or with burs until a caries-free 
surface was obtained, a second staining showed that the dentine was not 
completely caries free after chemo-mechanical excavation (FIGURE 22), 
whereas the hydrazine based dye appeared to have stained the smear layer 
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from the drill excavation (FIGURE 23). The excavation technique therefore 
appeared to affect the staining properties by mechanical means.  
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 Digital images of whole teeth with open carious dentine cavities at the Figure 22.
start (i), after staining with FB+LYCH for 30 s  (ii), after rinsing and excavation with 
a high-speed bur (iii), after a second staining for 30 s and rinsing (iv) and after final 
excavation with a high-speed bur and a third staining for 30 s and rinsing (v)

 

 

 

 

i    ii   iii  iv    v 

  Digital images of whole teeth with open carious dentine cavities at start Figure 23.
(i), after staining with FB+LYCH after staining for 30 s (ii), after rinsing and 
excavation with a high speed burr (iii), after second staining for 30 s and rinsing (iv), 
and after final excavation with a high speed burr and a third staining for 30 s and 
rinsing (v).

 

Digital images of whole teeth with open carious dentine cavities at start (i), 
after staining with FB and LYCH after staining for 30 s (ii), after rinsing and 
excavation with a high speed burr (iii), after second staining for 30 s and 
rinsing (iv), and after final excavation with a high speed burr and a third 
staining for 30 s and rinsing (v).
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4.6 Systematic review of traditional burs vs. 
chemo-mechanical caries removal  

 

The purpose of the systematic review and meta-analysis was to evaluate the 
reliability of the Carisolv system with respect to drilling regarding the full 
removal of decayed hard tissues in primary dentition. In addition, the 
maximum time for caries removal and finally the overall effect were 
compared.  

The search strategy from PubMed, Scopus and ISI-web Knowledge databases 
resulted in a total of 195 unique articles published from 1999–2014 being 
identified and assessed. Twenty-eight papers were analysed and 10 studies 
finally met the eligibility criteria. Furthermore, the trials included a total of 
348 patients and 532 treated teeth. Six of the trials included only primary 
teeth, with the age of the participants ranging from 28 months to 11 years. 

Complete caries removal was obtained in 100% (151 of 151) of decayed teeth 
using Carisolv and 99.2% (112 of 113) using the drill. When combining the 
data in the meta-analysis, the summary OR was 0.33 (99% CI = 0.00–22.65). 
Data were obtained from three papers with a total of 264 analysed teeth. 
However, there was no statistical difference in caries removal between the 
chemo-mechanical system (Carisolv) and the rotary instrument (z=0.68 
p=0.50) based on the evidence.  

The calculation of the time required (in seconds, s) to complete the procedure 
was based on seven studies involving a total of 480 teeth. The maximum time 
required for caries removal was 648.0 s for Carisolv and 206.7 s for the 
rotary instrument, whereas the minimum time of treatment was 402.0 s and 
80.7 s respectively.  

The z-test for overall effect for the Carisolv group vs. rotary instruments was 
z = 10.49, p < 0.01. The z-test for overall effect for the Carisolv group vs. 
rotary instruments was z = 10.49, p < 0.01.  
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5 DISCUSSION 
 

The chemical alterations (esters) found in this thesis solely belong to the 
carious tissue, not seen in sound dentine. In addition these are possible to 
“mark” after reaction with specific dye. From a clinical perspective, this 
might be useful, as it would distinguish affected tissue from healthy tissue 
during restorative work.  

The work resulted in three papers. Paper I revealed a unique functional group 
in carious tissue that was subsequently able to react with a specific dye used 
in further studies in Paper II. The reactive part of the dye was proven to bond 
covalently (strongly) to the unique groups of carious dentine revealed in 
further studies Paper III. Paper IV summarised clinical studies of the 
chemical and mechanical removal of carious tissue on primary teeth, where 
the chemically based product, Carisolv, appeared to enable effective 
excavation within the paediatric working field. The product is a good 
alternative to mechanical excavation, as it works by de-attaching the necrotic 
tissue that contains the unique groups of carious dentine. 

 

Identifying the chemical alterations in carious tissue 
	
Esters are normally formed in nature from reactions between structures 
holding alcohol functions and carboxylic acids, most often acid catalysed. 80, 
102 The formation of esters is influenced by water and changes in acidity. 80, 
102 The reduction in the water content in parallel with pH changes going from 
the outer to the inner part of a lesion. 35, 148 would favour ester formation in a 
cavity. Moreover, the presumed presence of ester functional groups in carious 
dentine has previously been suggested to arise from acylated hydroxyl groups 
in carious dentine, which modify the tissue to a collagenase-resistant form. 68 
It is also suggested that ester groups derive from bacterial lipid components 
in both sound and carious dentine. 79 and larger amounts of esterases have 
been found in carious tissue compared with sound tissue, respectively. 78 
Although ester functions are extremely common in biological soft tissues, 
especially in altered tissues such as synovial fluids or in carcinogenic activite 
tissue, 149-, 150 they have not as yet been reported in mineralised tissue. 

The vast majority of techniques used for tissue analysis require protein 
extraction from the calcified tissue. It is a challenge to find a suitable 
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analytical analysis method for the determination of chemical alterations in 
carious tissue, as, to date, the tissue has had to be excavated with different 
techniques, followed by yet other techniques for the isolation of the 
alterations. 45 However, both FTIR and ToF-SIMS have previously been 
proven to be useful for the determination of chemical alterations in hard 
tissue, without extensive sample preparation and protein purification. 26, 33, 72, 

132, Studies of powdered teeth are less frequent, but they have been shown to 
be useful in analysing the phospholipid content of peritubular dentine. 75 
Nevertheless, limited research has been performed on powdered dentine and 
carious dentine for the determination of the chemical composition. 

Because of the minimum of tissue preparation required, thereby minimising 
the risk of hydrolysis, both FTIR and ToF- SIMS were therefore chosen as 
the primarily analytical tool in Paper I and Paper III. The excavation 
technique used for the different samples can be questioned, as it must be 
regarded as fairly crude, based on visual and tactile judgement. However, all 
the samples were collected by one of the authors, also an experienced dentist, 
under standardised conditions similar to normal excavation techniques at the 
clinic.  

From both the deconvoluted IR spectra and the subtraction IR spectra in 
Paper I, it was concluded that ester groups, at 1740 cm-1 at the amide I band, 
displayed a greater presence in the inner layer of carious dentine compared 
with the outer layer of carious dentine. No esters were seen in the sound 
tissue. The resulting peak found at 1739-1736 cm-1 of the inner and outer 
layer of carious dentine corresponds to the known characteristic peak position 
of the ester carbonyl group. 137 The second characteristic absorption region of 
esters at 1300-1050 cm-1 was more difficult to interpret, as other functional 
groups also absorb in that region. Furthermore, to avoid the appearance of 
false peaks in the deconvoluted spectra, a subtraction technique was used on 
each FTIR spectrum with the result of true peaks. This means that, when 
subtracting healthy dentine from carious dentine, unique peaks of the carious 
dentine appear and, as a result, the presence of carbonyl groups (C=O) could 
be observed. Normally, saturated esters absorb between 1750 and 1735 cm-1, 
suggesting that the signals viewed in the subtraction spectra at 1739-1736 cm-

1 correspond to absorptions from normal saturated esters. 137 In addition, 
amino acid esters arising from lactones are prescribed to absorb at 1735-1720 
cm-1 by IR (KBr) and could therefore also be part of the signals observed at 
~1740 cm.-1 137  
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The following FTIR-ATR analysis revealed unique peaks for carious dentine 
at 1740, 1340, 1286 and 1210 cm-1, not observed in sound dentine, although 
some absorbances, such as those at 1450 cm-1 and 1417 cm-1, were the same, 
but with different intensities, indicating differences between these two 
tissues.  

Moreover, collagen (the major protein in dentine) is reported to exhibit a 
series of unique IR absorptions between 1300 and 1000 cm-1. 130 This could 
possibly explain the absorbances of C-C(=O)-O stretch at 1210-1190 cm-1 
and/or 1299-1250 cm-1, unique to carious dentine found in Paper I. The peak 
at 1338 cm-1 has been reported to be linked to the degradation of collagen 47 
or to represent peaks of free amino acids at 1417, 1286 and 1210 cm-1. 137 The 
1340 cm-1 absorbance could be related to {C-O}-stretches of COOH (free 
amino acid) or of an ester. 137 It is also suggested that the higher absorbance 
at 1450 cm-1 for the carious dentine is a consequence of an increase in the 
number of aliphatic side-groups of various amino acid residues. 151 These 
bands have been reported to belong to a CH2-bending vibration at 1450 cm-1 
and 1406 cm-1. 72 Furthermore, the peaks at 1740, 1286 and 1210 cm-1 also 
appeared to be affected by the reaction. The observed decrease in the 
absorbance of the carbonyl ester at 1740 cm-1 after the treatment of the 
carious dentine with the hydrazine derivative suggests that a reaction has 
taken place in the ester group. The enhancement of the spectrum in the region 
about 1800-1700 cm-1 implies that an amide-forming reaction has taken place 
between carious dentine and the hydrazine derivative, as the spectral features 
associated with the carbonyl esters {C=O} at 1740 cm-1 were changed, i.e. 
reduced or lost. In addition, the absorbances of the new amides formed in the 
reaction between the esters and the hydrazine derivative would be hidden 
under the amide bands at 1650, 1550 and 1250 cm-1. The 286 and 210 cm-1 
bands are more difficult to predict. Moreover, the FTIR spectrum of Lucifer 
yellow shows strong absorbances at 230-120 cm-1 and at 600-500 cm-1 (not 
shown) and they are in the region of both the amide I band and at the strong 
absorbance of the mineral peaks. 

Lucifer yellow (a fluorescent hydrazine derivative) was used in Papers I, II 
and III for its capacity both to form a new peptide and to visualise the 
reaction with the ester group in carious dentine.  
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Binding properties of Lucifer yellow to carious tissue 
 

ToF SIMS analysis of the powdered carious dentine treated with Lucifer 
yellow revealed larger masses after the treatment than before compared with 
the non-treated carious tissue in Paper I. The largest mass fragments of tested 
moieties were found in the positive spectra of the inner layer of carious 
dentine after reaction with hydrazine derivative at 975, 1081, 1187, 1293, 
1399 and 1,505 m/z. By rinsing with sodium hydroxide prior to analysis, 
unwanted hydrogen bonding between the tissue and the hydrazine derivative 
was avoided. Any possible bonding with the tissue must therefore be of a 
stronger character. The ToF-SIMS data also indicated that the untreated inner 
layer of carious dentine contains masses at 652.56 m/z, whereas treated 
carious dentine contains masses over 1500 m/z that strongly indicated that the 
hydrazine derivative is covalently bound to the tissue. In addition, the 
repeated loss of mass fragments at 106 m/z was deduced to C5NO2, from the 
covalent binding of the hydrazine derivative to the carious tissue. This pattern 
was not detected for the sound dentine or the untreated carious samples 
respectively Paper I (FIGURE 6B). 

Powdered samples of sound and carious dentine contain both mineral and 
proteins and treatments with an alkaline solution would therefore have the 
same effect on both these tissues. There is, however, a difference in 
fragmentation and mass content after treatment with Lucifer yellow, 
suggesting that a reaction has occurred in carious dentine and that the 
observed mass difference for the carious dentine treated with hydrazine 
derivative could not be due to the alkaline treatment. In the case of sound 
dentine, the positive mass spectra were similar for both the treated and 
untreated sound dentine samples respectively (In Paper I FIGURE 6B). 
Furthermore, both samples contained repeated mass differences between the 
mass peaks of 56 m/z that were correlated to CaO. However, all the resulting 
mass fragments of healthy dentine were much larger (596 to 1300 m/z) than 
the mass of intact Lucifer yellow (521 g/mol), which suggests that Lucifer 
yellow did not react with the healthy dentine in (Paper I, FIGURE 6B) 
Accordingly, the Lucifer yellow selectively reacts with carious dentine tissue.  
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Binding properties of hydrazine (15N2) to carious tissue (CO and CN) 
 

Isotopes such as 15N are easily identified by ToF-SIMS, which is thereby a 
useful analytical technique for studying the incorporation of 15N-labelled 
hydrazine derivate into carious dentine. 

The ToF-SIMS data in Paper III for carious dentine stained with 15N2-
hydrazine and 15N2-hydrazine labelled Lucifer yellow revealed a higher 
occurrence of 15N containing fragments compared with sound dentine ND or 
untreated carious dentine CD, showing a difference in staining reaction. One 
likely explanation could be that reactive functionalities of carbonyl types in 
carious dentine have reacted with 15N2-hydrazine or the 15N2-hydrazine chain 
in Lucifer yellow, as both stains have similar reactivity. The results support 
the findings in Papers I and II. 

From the calculation of the intensities (counts) of the mass at 34.03 m/z (in 
Pos. mode), representing hydrazine, and 27.00 m/z (in Neg. mode), 
representing CN (amine), it is concluded that CD-HY-1, CD-HY-2 and CD-
HY-LY all had numerous intensities compared with untreated carious dentine. 
In addition, the washing procedure reduces the binding to carious tissue, 
which could be due to unspecific hydrogen bonding or an excess of hydrazine 
prior to washing. The abundance of m/z corresponding to hydrazine in 
untreated carious tissue is more difficult to explain, especially as sound 
dentine did not indicate any mass at 34.03 m/z. It is plausible that the carious 
process affects the tissue and the reported 15N2 masses originate from other 
aggregates formed under the ionisation event of ToF-SIMS. Moreover, 
hydrazine seemingly binds to sound dentine ND-HY-1, albeit weakly, as it 
could be washed away ND-HY-2. 

NMR spectroscopy has become a standard analytical technique for studying 
biomaterials. 40, 152-154 More recently13C NMR and 15N NMR in the solid state 
for observing structural changes in teeth tissues. 133-134The NMR analysis in 
Paper III aimed to find the binding between the ester carbonyl groups of 
carious dentine and the 15N-hydrazine molecule HY in forming the reactions 
product an enriched 15N-amide. The 15N NMR analyses of hydrazine-stained 
carious dentine, after the second washing procedure CD-HY-2, revealed four 
resonance areas of interest at 50, 105, 125 and 173 ppm. The resonance 
signal at 50 ppm most probably arises from one 15NH2 end-group of the 
hydrazine molecule.155 In the reaction between hydrazine and carious dentine. 
A hydrazine molecule has two reactive 15NH2 groups that could both react 
with acyl derivatives (esters) in the carious dentine, resulting in a 
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monoacylated and a diacylated hydrazine derivative, which both exhibit 
resonances at about 125 ppm. 155, 156 The 15N-resonance signal from an amide 
function like this should appear at about 125 ppm. The signal at 104 ppm has 
the position of nitrogen connected to an alkyl group that has most probably 
been formed in a nucleophilic reaction on a carbon of an aliphatic phosphoric 
48 or carbonic ester in the carious dentine. It is suggested that the resonance at 
173 ppm is suggested to corresponds to the functional imine group like a 
Schiff base function, N=C, as in a structure H2N-N=CR(H)-, 156 which can be 
formed from hydrazine and aldehydes or ketones, present in the carious 
dentine in a similar reaction that initiates the formation of the Maillard 
product found in carious dentine. 69-70 The sugar acetals in the dentine are 
masked aldehyde functions. None of these four observed resonance signals 
was detected in the normal dentine after treatment with 15N2-hydrazine.  

The 13C NMR analyses carried out after the staining of carious dentine with 
15N2-hydrazine labelled Lucifer yellow revealed resonances at 100-160 ppm 
for 13C aromatic carbons in stained carious dentine, proving that the 15N2-
hydrazine labelled Lucifer yellow binds to carious dentine. No aromatic 13C 
resonance could be detected in 13C NMR after the treatment of sound dentine 
with Lucifer yellow, which is in agreement with the results in earlier 
observations in paper I. Furthermore, resonances from 20-80 ppm (solid state 
13CNMR, reference trimethyl silane) suggest that the peaks to originate from 
collagen molecule. 40  

When combining the results of the ToF-SIMS analysis with the NMR 
analysis, it seems very likely that the mass fragments observed from ToF-
SIMS analysis can be traced in the 15N NMR, like the N-acyl, N-diacyl or 
hydrazine chemical shifts detected by 15N NMR. As a result, the 15N NMR 
and the ToF-SIMS analyses support one another and it can be suggested that 
the covalent binding of the 15N2-labelled hydrazine (15NH2-15NH2) has taken 
place in the carious dentine but not in the normal dentine. Only noise was 
found for the corresponding 15N CP spectrum of hydrazine-stained sound 
dentine, proving that hydrazine does not bind to sound dentine. 

 

Visualisation of covalent binding with hydrazine 
 

In order to be a helpful tool in the clinic, it is currently generally agreed that 
“The ideal caries-disclosing dye should solely stain the caries-infected but 
not the caries-affected dentine” 90 which explains why the selection of the 
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method used for this analysis is considered important. Since 
stereomicroscopy tends to over-score the lesion, the addition of dyes is 
claimed to be accurate and reliable in these analyses. 86 Consequently, 
stereomicroscopic analysis with digital photographs on sectioned lesions can 
be regarded as useful for the detection of dyes in dental hard tissues. 61, 84 In 
Paper I, it was found that a dye, such as Lucifer yellow, bound to carious 
dentine and subsequently more specifically with the hydrazine group of 
Lucifer yellow or with 15N2-hydrazine. Hydrazine-based dyes can therefore 
be used as a stain to discriminate between normal and carious dentine. Based 
on the chemical and light-stereomicroscopic observations in Paper II stains 
with a covalent binding capacity were found to bind to carious dentine in 
contrast to dyes with only an electrostatic binding capacity, as they were 
proven to be still attached after the different treatments. To avoid the 
uncertainty associated with variations in biological tissues, the same tooth 
with manifest dentine caries was sectioned into five un-decalcified samples, 
during the staining procedure, thereby making it feasible to compare the 
staining capacity of different stains in basically the same tissue.  

All the dyes used in Paper II have the potential to bind either to the acidic 
groups (NH3

+) or to the ester function groups (-COOR) of carious dentine. 
This results in the formation of a salt via an electrostatic bond [2-A] or an 
amide functional group [2-B]. The formation of an amide requires a longer 
reaction time than the formation of an electrostatic bond, which is immediate. 

Acid red and food blue are only able to react in an electrostatic manner, as 
their binding groups are of an anionic character (SO3

-). They were therefore 
completely removed after the NaOH treatment. Alexa fluor 594 and Lucifer 
yellow both contain an electrostatic group (SO3

-) and a hydrazine derivate 
group (NH2NH-R) and, for this reason, they are able to react with both 
positive ions and the ester functions of the carious tissue. However, the 
hydrazine derivative, amino fluorescein, only contains hydrazine groups and 
may only react with the esters in a covalent manner, where the dyes resist all 
the different treatments. Mixtures of two stains, food blue (blue colour) with 
Lucifer Yellow CH (yellow colour) and Food Blue (blue colour) with Amino 
fluorescein (yellow colour), resulted in a green coloured solution. The green 
mixture became more bluish after the NaCl treatment. This indicates the 
yellow colour to be replaced by the (Cl-) ion in electrostatic part (SO3

-) and 
the blue colour to be stoechiomerically larger. After subsequent alkaline 
treatment the blue colour vanished and the yellow appeared. Thus, the small 
portion of the yellow colour seemed hidden under the blue colour that only 
have electrostatic binding properties. After the removal of all electrostatic 
bindings, only the yellow colour is left and must be covalently bonded. An 
in-house experiment (data not shown) showed that the yellow colour reacted 



 

58 

with the blue (in a complex). The competitive staining between the two dyes 
with different bonding properties therefore showed that the electrostatically 
bonded part (the blue part of the mixture) could be rinsed off and the 
covalently bonded part (the yellow part of the mixture) was still attached to 
carious dentine after the NaOH treatments. The blue stain contains higher 
numbers of electrostatic groups than the yellow stain at stoichiometric 
quantities, which would explain the more pronounced blue appearance after 
the NaCl treatment. However, both Lucifer yellow CH and amino fluorescein 
are still present in the carious dentine after treatment with the NaOH solution. 

It is possible to speculate whether it is possible for a dye to be stacked 
between crystals, as its molecular size is less than the diameters of the 
dentinal tubules 76 and there is thus an opportunity for the dyes to be stacked 
between crystals. Long-term exposure of whole tooth sections will minimise 
this problem, as the reaction will have both the time and the ability to react to 
the sectioned tooth surfaces from all sides after 24 hours of exposure to the 
dyes, NaCl and NaOH solutions respectively, and the reaction has been 
accomplished. Furthermore, long-term exposure will overcome the 
limitations caused by the diffusion rate. However, this is not realistic from a 
clinical perspective. 

Proposed chemical models for depicting the different possible reactions with 
the dyes in the staining assay in Paper II are illustrated below. To begin with, 
carious dentine, structure [1-A], represents carious dentine containing both an 
acid function, like the ammonium ion -NH3

+ 67-68 and an ester function, -
COOR [Paper I]. The structure [1-B] represents a dye containing both a -SO3

- 

function and an -NHNH2 hydrazine function. 

 

 

The reaction schemes [2-A] and [2-B] illustrates how the stain [1-B] has 
reacted with the structure [1-A]. The ammonium ion in [1-A] has reacted 
electrostatically with the -SO3

- group of the stain forming an ion pair, a salt 
[2-A]. The hydrazine function -NHNH2 in [1-B] has reacted with the ester 
function of [1-A] to form an amide [2-B] in a covalent bonding manner. The 

NH3NH3 GG

OO
CC OROR[1-A][1-A]

NH2NHNH2NH ArAr
S N
SO3Na
S N 
SO3Na[1-B][1-B]
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last reaction is thermodynamically favoured, as an amide is more stable than 
an ester. 

 

 

The addition of NaCl in a high concentration causes an ion exchange to occur 
in the electrostatic bond, thus exchanging SO3

- for Cl- in the stained carious 
dentine, structure [2-A], and consequently causing the removal of the stain 
from the carious tissue. The reaction products [3-A; 3-B; 3-C] are observed 
as a water-soluble un-attached stain in the supernatant [3-A], as de-stained 
hydrochloride salt of the carious dentine [3-B] and as stained carious dentine 
[3-C] respectively. As the ion exchange is an equilibrium reaction, all 
electrostatically bonded staining will not be removed in this way. The amide 
structure [2-B] will not be affected by the NaCl treatment. 

 

 

 

In addition, as there is also an equilibrium relationship between structures [2-
A] - [3-A] - [3-B] and the chloride ions (Cl-), some electrostatically bonded 
stain will still remain in the tissue. The final treatment with NaOH will 
deprotonate all the ammonium groups converting the stained carious dentine, 
represented as structures in [2-A], [2-B], [3-B] and [3-C] irreversibly to 

NH2NHNH2NH ArAr
S N
SO3NH3

S N  
SO3NH3 GG

OO
CC OROR[2-A][2-A]

NH3NH3 GG

OO
NHNHNHNH ArAr

S N
SO3Na
S N 
SO3Na[2-B][2-B]

NH2NHNH2NH ArAr
S N
SO3Na
S N 
SO3Na[3-A][3-A]

ClNH3ClNH3 GG

OO
CC OROR[3-B][3-B]

NH3NH3 GG

OO
NHNHNHNH ArAr

S N
SO3Na
S N 
SO3Na[3-C][3-C]
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structures seen in [4-A] (water soluble stain), [4-B] (unstained de-protonated 
carious dentine) and to stained carious dentine [4-C].  

 

 

 

This indicates that the final removal of the electrostatically bonded dye will 
be carried out by the treatment with the NaOH solution, which wills 
deprotonate the ammonium ion (-NH3

+). The positive charge for attracting 
the -SO3

- group will therefore no longer be available. The electrostatically 
bonded dye will be fully released and transferred to the water solution as 
structure [1-B]. This was also observed from the high concentration of dye in 
the supernatants from the electrostatically stained tissue. The amide product 
as seen in [4-C] will not be affected by the sodium hydroxide treatment and 
the staining from the amide product will therefore remain in the tissue. 

Furthermore, stains containing both electrostatically and covalently bonding 
groups will react with both an electrostatic structure [2-A] and a covalent 
bonding structure [2-B]. Treatment with NaCl and NaOH will therefore 
remove the electrostatically bonded part of the stain, while the amide-
bonding part will be unaffected by both the NaCl treatment and the NaOH 
treatment. 

 

Visualisation of the covalent binding with hydrazine following chemo-
mechanical excavation 
 

After specific staining with the hydrazine derivative, excavation will take 
place. Consequently, the excavation technique may affect the specific 

NH2NHNH2NH ArAr
S N
SO3Na
S N 
SO3Na[4-A][4-A]

NH2NH2 GG

OO
CC OROR[4-B][4-B]

NH2NH2 GG

OO
NHNHNHNH ArAr

S N
SO3Na
S N 
SO3Na[4-C][4-C]
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staining. Studies have found that chemo-mechanical excavation is more 
suitable for this staining procedure, as the prepared cavity floor could not be 
re-stained. 157 This is because there was no carious tissue left and a final end-
point was reached. For the treatment with the high-speed bur, a similar 
judgement of the prepared cavity floor was made; in spite of this, the 
prepared cavity surface became stained again. This is difficult to interpret 
because the cavities were judged to be completely caries free in both cases 
and the dyes are also specific to carbonyl modifications as esters. However, 
drilling forms a smear layer, which could presumably form ester functional 
groups, which explains why dyes are more suitable during chemo-mechanical 
excavation. 

 

Chemo-mechanical excavation 
 

Carisolv was introduced in the dental market in Sweden in 1998 and has 
since been used for treatment in both the permanent and primary dentition. 
However, at present, most studies have been performed within paediatric 
dentistry. Paper IV, produced further insight into the reliability of the 
Carisolv system from a number of studies published between (1999-2014) with 
a total of 450 primary teeth involved. 

The PICO questions addressed in the review comprise the efficacy of the 
chemo-mechanical treatment in terms of the complete caries removal rate 
compared with the traditional drilling technique, an evaluation of the 
treatment time and patient comfort defined as a need for anaesthesia. The 
removal rate was used as the efficacy parameter, even though it could be 
regarded as very subjective, as it is based on visual inspection and tactile 
control, but it is the most well known and used method. 126, 136 Caries 
detectors are an alternative, although there is scepticism about them in the 
literature. 92, 95, 97, 98, 100  

There was a significant difference regarding time required by the Carisolv 
procedure and the conventional drilling: treatment time was statistically 
significantly longer using Carisolv than drilling in 5 (7) clinical studies. The 
reason was the need of multiple applications of Carisolv gel, that seems to 
correlate with the cavity size (Chaussain-Miller). 

Data on pain or need of local anaesthesia were reported in four papers. 
Carisolv reduced the use of local anaesthesia and the difference may be 
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related to the use of Carisolv gel, with the special designed hand instruments. 
However, it is necessary to consider that the four studies were heterogeneous 
in their design and the Carisolv group was more numerous than the control 
group. This corresponds well with previous studies 104, 124, 125 and is 
considered of particular interest during the treatment of children where extra 
care should be given in order to work as psychological as possible. 
 
All Carisolv treatment takes longer time than the traditional method in 
removing carious dentine. The average difference in caries excavation time 
was in the present meta-analyses (z=10,49, p < 0.01) min. Depending on for 
example surface treated, lesion size and caries activity the treatment time 
may vary. A wide range in time difference between caries excavation using 
the chemo-mechanical technique and rotating burs have previously been 
shown. However, taking into consideration that anaesthesia often not may be 
needed the difference in time may not be so striking. The “total treatment 
time” may be a more accurate figure to be measured instead of only the time 
for caries excavation. Both the increased time and the less anaesthesia 
required by patients treated using the Carisolv were comparable. 112 In 
another review comparing the efficacy of caries removal, time and pain 
threshold, respectively, on primary teeth by using air-rotor, hand instruments, 
Carisolv and polymer burs. The Carisolv and polymer bur was found to be 
similar in caries removal effectiveness and could be considered as 
alternatives to painful procedures as air-rotor in management. 111  

Due to the heterogeneity among study designs and to the shortage of data the 
use of Carisolv limits to obtain an overall correlation among outcome 
variables, why there is the need of further large-scale, well-designed RCTs. 
 
  

Discussion



Ulrica Scherdin-Almhöjd 

63 

CONCLUSION 
 

The focus of the present thesis was to analyze sound and carious dentine 
regarding ester groups and their reaction with hydrazine based stains by 
means of Fourier Transform Infrared Spectroscopy (FTIR), Time of Flight 
Secondary Ion Mass Spectrometry (ToF-SIMS) light microscopy analysis 
and Nuclear magnetic resonance (NMR). Finally, to evaluate if chemo-
mechanical excavation is effective in removal of these known alterations in 
carious tissue. 

It can be concluded that: 

 

• The FTIR absorption spectra showed that the carious tissue contained 
ester groups, not detected in sound dentine. The results also indicated 
a higher occurrence of ester groups in the inner layers of carious 
dentine than in the outer layer. 
 

• Binding to these ester groups by hydrazine derivative was observed 
after different chemical treatments with FTIR-ATR, ToF-SIMS, 
solid-state 13C NMR and solid state 15N NMR spectroscopy. 

 
• It was confirmed that 15N2-hydrazine and 15N2-labelled Lucifer yellow 

both bind to carious dentine but not to healthy dentine forming 
reaction products like acyl hydrazine or diacyl hydrazine. 

 
• Based on the chemical and light-stereomicroscopic observations, 

dyes with covalently binding capacity were found to bind to carious 
dentine in a selective way in contrast to dyes with only electrostatic 
binding capacity. 

 
• The systematic review and meta-analysis indicate, with causative 

interpretation, that the clinical efficacy of chemo-mechanical removal 
with Carisolv seems as reliable as the rotary instruments. 
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6 FINAL REMARKS 
 

Clinical implications 

 

There is a variety among dentists to which extend different dyes are used 
during the excavation procedure. The products found on the market are from 
what is known today not selective, but still considered helpful by many. This 
series of studies have shown that there is a more specific staining may take 
place. It is the hope that this will improve the caries excavation step, 
minimize the removal of healthy tooth substance and increase the longevity 
of the filling as well as reduce risk for negative side effects of the tooth. 
Therefore optimising the observed reaction into clinical acceptable 
application will be a future prospective.  In addition initial studies showed 
that these types of stains are compatible with chemo-mechanic excavation 
(Carisolv) and may offer a possibility to improve the minimal invasive 
methods that hopefully could be a part of reimbursement system. 

To conclude, there seems to be an opportunity to improve the concept of 
minimal invasive dentistry but more studies are needed to evaluate this 
technique at its long-term effect in the clinic.  

 

Molecular insight  

 

Much more work is needed in order to understand differences between sound 
and carious dentine on a molecular basis as well. Although our knowledge is 
far away from complete, new and sophisticated methods, such as solid state 
NMR increase the possibilities for future knowledge. Hence, the stable 
chemical changes in carious tissue describe the causative effects from the 
caries process that if understood can give more insights to why and how the 
process is initiated and further on how it may be inhibited. Knowledge 
contributing to define the molecular structure will therefore gain the patient, 
dentist and the society including a more tissue friendly treatment and a more 
cost-effective preventive and restorative handling. Another application of our 
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findings would be to place theses alterations in a more detailed picture of the 
already described zones of a caries progression lesion. We found the esters to 
have a higher occurrence in the inner layer of carious dentine than in the 
outer layer. Esters are also expected to be present in the inner carious layer 
reaching the transparent zone, since bacteria is not the only requirement in 
forming esters. Thus it would be interesting to position them into the 
previous knowledge of the different zones of the lesion. However there will 
never be a clear line between judged area and / or presented zones in an 
infected biological tissue.  

 

 

Final remarks
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