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Abstract: Background: With the implementation of minimally invasive selective caries removal
protocols to treat cavitated, deep carious dentine lesions, there is a need to investigate specific
biochemical moiety distributions to help characterise and distinguish between infected (contaminated)
and affected (demineralised) zones within the dentine lesion. The present in vitro investigation aimed
to compare the distribution of ester functional groups (1740 cm−1) within carious dentine tissue
(infected and affected dentine). The null hypothesis stipulated that there are no differences in ester
function intensity/distribution within carious dentine lesions. Materials and Methods: From a total
of five extracted human molar teeth with carious dentine lesions, 246 points from 10 sections of
carious dentine were examined using high-resolution Raman spectroscopy and characterised into
infected, affected and sound dentine. The peak intensity of the characteristic vibration mode of the
ester function was calculated from sample scans. Results: Analyses indicated a statistically significant
difference in the spectroscopic vibration bands of esters between the infected and affected dentine
zones. Conclusion: The ester functional group is higher in intensity in the caries-infected dentine
zone compared to the affected tissue. This finding could be used to develop an objective indicator for
the selective operative management of carious dentine.

Keywords: caries-infected; caries-affected; dentine; Raman spectroscopy; lucifer yellow; amide I;
ester; minimally invasive dentistry; caries

1. Introduction

Characterising and discriminating between denatured, necrotic, bacterially contami-
nated and demineralised tissue in a cavitated carious lesion is of clinical relevance when
performing minimally invasive operative interventions [1,2]. Carious dentine consists
of two main histological zones [3,4]. The outer, superficial, highly bacterially contami-
nated and denatured zone of tissue is clinically wet, soft and sticky—the caries-infected
(bacterially contaminated) dentine. The remaining, deeper caries-affected (demineralised)
dentine can be healed and repaired by the dentine–pulp complex and, therefore, can be
retained and sealed off using biointeractive restorative materials [1,5–7]. This selective,
minimally invasive operative approach preserves more tissue and has been shown to
improve the long-term survival of the dentine–pulp complex [1,5,7,8]. The histological
transition between these two zones of tissue, however, is diffuse and difficult to identify
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clinically as well as in the laboratory, which leads to subjectivity and variations between
operators/researchers and, therefore, often unnecessary excessive removal of tooth tissue
by clinicians. Therefore, there is an unmet need to objectively delineate between caries-
infected and affected dentine, marking the clinical endpoint of carious dentine excavation
in both laboratory investigations and the clinic [5,9,10].

In vitro studies have predominantly characterised carious dentine tissues mechan-
ically. Ogawa and co-workers used microhardness to divide carious dentine into outer
(superficial) and inner lesion layers [11]. Banerjee et al. (2010) further classified the carious
dentine lesion according to its Knoop hardness value and its intrinsic autofluorescent char-
acteristics, with caries-infected dentine (CID) <25 KHN and caries-affected dentine (CAD)
between 25 and 40 KHN. However, the hardness measurement only indirectly represents
the basic mechanical mineral integrity of the tissue, without a direct correlation with the
biochemical characteristics of the lesion [12,13], the latter having a role in tissue repair and
biomaterial adhesion.

Biochemically, carious dentine contains high levels of organic compounds, propor-
tionate with a relatively lower inorganic content, compared to sound dentine [4,14,15].
Alturki et al. (2021) characterised the carious dentine lesion using the Raman spectro-
scopic protein/mineral ratio (amide I/phosphate) according to the tissue microhardness.
That study concluded the amide I/phosphate Raman spectral ratio could be used as a
biochemical method to characterise carious dentine with a direct association with lesion
histology.

In addition to amide I (-CO-NH-), which represents the main organic component
in carious dentine, Almhöjd et al. (2014) showed that the protein ester functional group
(-CO-OR-) can be considered a unique functional group in carious dentine, as it is not
observed in sound dentine. This is due to the fact that esters are formed in an environment
that contains less water and a low pH compared to that found in carious dentine [16].
However, its distribution has yet to be mapped through the histological zones of infected
and affected dentine. Determining any difference in intensity, and therefore distribution, of
the ester functional groups between infected and affected zones of carious dentine could
help develop clinical indicators to aid practitioners with selective, minimally invasive
operative carious dentine removal technologies and develop research towards developing
novel chemical adhesion mechanisms for biointeractive restorative materials and tissue
repair mechanisms.

Therefore, this in vitro study aimed to compare the distribution of ester functional
groups within carious dentine tissue (infected and affected dentine). The null hypothesis
was that there were no differences in the Raman spectroscopic peak vibrational intensities of
ester functional groups between infected and affected carious dentine tissues. In addition,
lucifer yellow (LY) was used to subjectively visualise any colour changes in the carious
dentine zones, as it has the chemical ability to react with such ester functional groups, thus
acting as a biochemical label [14].

2. Materials and Methods
2.1. Ethics and Sample Collection

Extracted human teeth with cavitated carious dentine lesions were collected under an
ethics protocol reviewed and approved by NHS Health Research Authority (16/SW/0220).

2.2. Study Design

Five extracted human molar teeth with carious dentine lesions having an international
caries detection and assessment system (ICDAS) lesion score >4 [17] were collected (ethics
protocol reviewed and approved by NHS Health Research Authority (16/SW/0220)) and
stored for no longer than three months in distilled water in a cold cabinet (+4 ◦C) before
sectioning. Samples were sectioned longitudinally through the lesions using a slow-speed
(200 rpm) water-cooled diamond blade (diamond wafering blade XL 12205, Benetec Ltd.,
London, UK), and digital images of the cut surfaces were captured (lens: Nikkor AF-S
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Micro 60mm f/2.8G ED, D800E, Nikon, Tokyo, Japan). To obtain a flat surface for accurate
measurements, the cut surfaces were polished (MetaServ 3000, Buehler, Lake Bluff, IL,
USA) sequentially with silicon waterproof abrasive papers (P1200 for 10 s, P2500 for 10 s
and P4000 for 4 min). The samples were first analysed using Raman spectroscopy, and then
lucifer yellow was added as a biochemical ester functional group label.

2.3. Raman Spectroscopy

A high-resolution Raman spectroscope (inVia, Renishaw Plc, Wotton-under-Edge,
Gloucestershire, UK) running in Streamline scanning mode was used to scan the flat tooth
surfaces, and a 5/0.12 NA air objective was used. A total of 246 point scans were captured
from 10 carious dentine sections. In each section, an average of 18 point scans were captured
along 3 line scans starting from the outermost part of the lesion in the direction from the
enamel–dentine junction towards the pulp. A further 6 line point scans were captured in
clinically sound dentine in the same section. The vibrational intensity of ester functional
groups was calculated for each point scan (measured at 1740 cm−1). Spectrum acquisition
was conducted using a 785 nm laser (10 mW for mapping mode and 0.5 mW for point
scanning) using a 600 line/mm grate across the spectral bandwidth of 4000–400 cm−1 for
each sample. Baseline correction was performed by Raman processing software (WiRe,
Renishaw, UK).

2.4. Molecular Label Preparation

Lucifer yellow (carbazide; LY) was used to verify the Raman results in the carious
dentine zones (infected and affected dentine), as it reacts specifically with ester groups in
carious dentine tissues [18]. All tooth sections were initially exposed to 0.5 M NaBH4 for
one hour in ethanol to remove any unwanted reactions between the lucifer yellow and any
ketones or aldehydes present in the tissues. This step left only the organic ester functional
groups able to react with lucifer yellow [14]. Subsequently, all sections were then immersed
in a 15 mM ethanol solution of lucifer yellow for 24 h. To reduce the risk of any unwanted
electrostatic or hydrogen bonding, sections were placed in a saline solution (NaCl, 1 M) for
another 24 h. In order to ensure that only covalently bound complexes were retained within
the carious tissue, a final step was introduced by immersing the specimens in alkaline
solution (0.5 M NaOH) for a final 24 h period.

2.5. Data Collection and Analysis

Statistical analysis and spectral correlation processing.
The ratio of Raman vibrational intensity peaks at 1650 cm−1/960 cm−1 (amide I/

phosphate) has been reported as a biochemical method to distinguish between the histolog-
ical carious dentine zones [19]. The peak ratio at 1740 cm−1/960 cm−1 was calculated in
each point scan to characterise the ester (1740 cm−1) group distribution in infected, affected
and sound dentine [19]. All peaks were normalised to the phosphate peak (960 cm−1), as
this is the most intense and consistent Raman peak in dental hard tissues [20]. A descriptive
analysis was performed. All analyses were carried out using IBM SPSS, version 25.0.

3. Results

Two hundred and forty-six examined points from 10 sections of carious dentine were
analysed using Raman spectroscopy and characterised into infected, affected and sound
dentine zones. The results showed a significant difference in the ester functional group
intensities between the three histological dentine zones (Table 1, Figure 1). The descriptive
analysis showed that the mean intensity of ester functional groups in the caries-infected
dentine was almost three times higher than that in the caries-affected dentine (mean
intensities: 3.3, 0.8 and 0.04 in infected, affected and sound, respectively).
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Table 1. A descriptive analysis was used to measure the differences in ester functional group
intensities at 1740 cm−1 between infected, affected and sound zones (characterised according to [19]),
which shows a significant difference between the three zones as the confidence intervals do not
overlap between the zones.

Infected Dentine **

Mean 3.39 *

95% Confidence Interval for Mean
Lower 2.95

Upper 3.84

Std. Deviation 2.11

Affected Dentine **

Mean 0.87

95% Confidence Interval for Mean
Lower 0.76

Upper 0.98

Std. Deviation 0.58

Sound Dentine **

Mean 0.04

95% Confidence Interval for Mean
Lower 0.02

Upper 0.06

Std. Deviation 0.07
* Peak ratio (ester/phosphate). ** These zones were characterised by using the amide I/phosphate ratio:
infected > 1.76, affected < 1.76 [19]. The sound dentine readings were taken from pure clinically dentine sound areas.
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Figure 1. One of the sections showing three Raman spectra: infected, affected and sound dentine
after normalising the intensities to the phosphate peak, showing differences in the ester functional
group peak ratio (1740/960 cm−1) between the three zones (indicated by the arrows).

Lucifer yellow (LY) was observed on the whole tooth section surface after the initial
24 h immersion in LY solution, with more noticeable discolouration found within the carious
dentine lesion (Figure 2). However, after immersion in the salt and alkaline solutions, the
LY staining was observed only in the carious dentine lesion (covalently bound).
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4. Discussion

Contemporary carious dentine excavation should be selective, preserving the rem-
ineralisable carious tissues and removing the infected and necrotic tissue only [1,6]. Thus,
clinicians and researchers are continually trying to develop and optimise technologies that
can objectively discriminate between these histological carious dentine zones. Biochemical
alterations have been shown to play a significant role in carious dentine, specifically the
organic components, with regard to tissue repair [14,21,22]. In vitro studies have used the
organic components to distinguish carious dentine, as they become more exposed after
demineralisation [14,20,23,24]. Specifically, the ester functional group has been isolated in
carious dentine but not in sound dentine [18,25]. However, its distribution has not been
characterised histologically to differentiate between carious dentine zones.

Esters are naturally formed from reactions between structures with alcohol functions,
such as carbohydrates and carboxylic acids, from protonated proteins and are catalysed
by acidic agents, described as Fischer esterification. This process is influenced by wa-
ter levels and changes in acidity, which means that it increases in an environment that
contains low water content and low pH [16]. The present study demonstrated that the
increased relative intensity of ester functional groups was higher in caries-infected den-
tine compared to the adjacent caries-affected dentine. This finding is consistent with the
established knowledge that there are more proteins in infected dentine compared to sound
tissue [14,21]. In addition, it is in agreement with the nature of ester formation, as it forms
in a more acidic environment, such as that found in caries-infected dentine. However,
in the present study, there was a trace amount of ester function found in sound dentine
(Table 1). This could be explained by the fact that the spectral data of the vibration bands
of ester functional groups do not differentiate between types of esters, which also include
glycerol-based phospholipids such as cholesterol- and phosphatidyl esters, a normal com-
ponent of cell membranes [26,27]. Not all types of esters in carious dentine zones have
been characterised. Only carbonyl ester functions (COOR) have been identified in carious
tissues (Almhöjd et al., 2014, 2017) [14,18]. Besides these carbonyl ester functions (COOR),
there might also be phosphor esters from lipids [28,29], trans- or diesters and from sugar
acetals [30] or cyclic esters that can arise from lactones (lactic acid esters) originating from
cariogenic bacteria [31,32]. In the present study, Raman microscopy detected all vibrational
bands of ester functional groups. Therefore, a detailed analysis of ester functional groups
in each carious dentine zone could be investigated further in the future.
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LY was used in this study because it can react covalently with all ester groups [18].
In the present study, a change in the colour of the carious dentine was subjectively ob-
served, which is explained by the fact that significant amounts of ester functional groups
in infected and affected dentine visibly reacted with LY, but no changes in sound tissues
were perceived.

To the authors’ knowledge, the present study is the first to objectively show the
concentration and distribution of ester functional groups within carious dentine tissues,
highlighting this important biochemical alteration and correlating it to the histological
zones of caries-infected and caries-affected dentine. This, in turn, could pave the way for
the investigation of objective clinical markers to delineate these zones of carious dentine
to aid the clinician in their selective removal as part of the minimally invasive operative
approach to deep cavitated lesions. New selective operative technologies might use the
ester functional group distribution to target caries-infected dentine for selective removal,
and innovations in biointeractive restorative material development might explore the
further use of organic components for tissue repair and adhesion. Further analysis of the
biochemical nature of ester functional groups in each of the carious dentine zones would
contribute to further characterisation of the tissues in this regard.

5. Conclusions

This in vitro study concluded that ester functional groups are distributed differently
within carious dentine lesions, with a higher concentration in the caries-infected zone com-
pared to the adjacent caries-affected dentine, which is detectable using Raman spectroscopy.
Thus, the null hypothesis was rejected.
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