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Abstract The aim of this study was to evaluate the per-
formance of a pen-type laser fluorescence (LF) device
(LFpen: DIAGNOdent pen) to detect and monitor the
progression of caries-like lesions on smooth surfaces.
Fifty-two bovine enamel blocks were submitted to three
different demineralisation cycles for caries-like lesion in-
duction using Streptococcus mutans, Lactobacillus casei
and Actinomyces naeslundii. At baseline and after each
cycle, the enamel blocks were analysed under Knoop
surface micro-hardness (SMH) and an LFpen. One enamel
block after each cycle was randomly chosen for Raman
spectroscopy analysis. Cross-sectional micro-hardness
(CSMH) was performed at different depths (20, 40, 60,
80 and 100 μm) in 26 enamel blocks after the second
cycle and 26 enamel blocks after the third cycle.
Average values of SMH (± standard deviation (SD)) were
319.3 (± 21.5), 80.5 (± 31.9), 39.8 (± 12.7), and 29.77
(± 10.34) at baseline and after the first, second and third
cycles, respectively. Statistical significant difference was
found among all periods (p < 0.01). The LFpen values
were 4.3 (± 1.5), 7.5 (± 9.4), 7.1 (± 7.1) and 5.10

(± 3.58) at baseline and after the first, second, and third
cycles, respectively, among all periods (p < 0.05). The
CSMH values after the second and third cycles at 20,
40, 60, 80 and 100 μm were 182.8 (± 69.8), 226.1
(± 79.6), 247.20 (± 69.36), 262.35 (± 66.36) and 268.45
(± 65.49), and for the third cycle were 193.7 (± 73.4),
239.5 (± 81.5), 262.64 (± 82.46), 287.10 (± 78.44) and
284.79 (± 72.63) (n = 24 and 23), respectively. No corre-
lation was observed between the LFpen and SMH values
(p > 0.05). One sample of each cycle was characterised
through Raman spectroscopy analysis. It can be concluded
that LF was effective in detecting the first demineralisation
on enamel; however, the method did not show any effect in
monitoring lesion progression after three cycles of in vitro
demineralisation.
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Introduction

In the last decades, some studies have indicated a decline in
caries prevalence; however, this disease is still a serious oral
health problem in many parts of the world [1–3]. The early
detection of smooth surface caries lesions is important to pro-
vide proper management of caries and allows their monitoring
over time [1, 4]. Conventional methods for caries detection,
such as visual inspection and radiographic examination, are
not capable of quantifying the mineral loss or gain occurring
as a result of demineralisation and remineralisation processes,
respectively [5].

Several quantitative methods have been developed and rec-
ommended to identify and qualify early caries lesions on
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smooth and occlusal surfaces. Devices based on fluorescence
could enhance caries lesion detection. One of these methods is
based on physical fluorescence, which is different for carious
tissue compared with sound hard dental tissue [4, 6–9].

The DIAGNOdent pen (LFpen; DIAGNOdent 2190,
KaVo, Biberach, Germany) is a laser-based instrument that
emits red light at a wavelength of 655 nm from a fibre-optic
bundle and captures the fluorescence emitted by oral bacterial
porphyrins and other chromophores present on the
demineralised dental tissue. The performance of this device
in detecting or monitoring caries development on smooth sur-
faces has shown contradictory results in different studies
[10–15].

The aim of this in vitro study was to evaluate the perfor-
mance of a laser fluorescence (LF) device (LFpen) to detect
and monitor the progression of caries-like lesions on smooth
surfaces.

Materials and methods

Ethical considerations

This study was conducted according to the requirements of the
Ethics Committee on Animal Use of the Rio Grande do Sul
Federal University—UFRGS (protocol 20576), Porto Alegre,
Brazil.

Sample preparation

In this study, bovine teeth were selected because they are
convenient to obtain in significant quantities, are in good con-
dition and have more uniform composition than human teeth.
Furthermore, bovine teeth have similar chemical composition
to human teeth [16]. One hundred teeth were initially
collected.

Bovine incisors (Bos taurus) without cracks and structural
defects were used in this study. The teeth were cleaned using
an ultrasonic scaler (Sonics & Schuster Laxis) to remove cal-
culus and debris, after which they were brushed under running
water for 15 s. The crowns were separated from the roots
using a precision cutting machine with a diamond disc under
cooling using a metallographic cutter (Isomet 1000, Buehler
Ltd., Lake Bluff, IL, USA). The flattest portions of the buccal
surfaces were cut in enamel blocks of 4 × 4 mm.

Sixty enamel blocks were embedded in epoxy resin. Then,
the samples were grinded and polished (grinding papers 220,
400, 600 and 1200, polishing cloth with 1 and 1/4 μm dia-
mond abrasive, under constant cooling, APL4, Arotec
Industry & Commerce S/A, Cotia, SP, Brazil). A 1 × 4 mm
portion was covered with nail varnish to protect this area from
the development of artificial caries, providing a sound refer-
ence area for further measurements.

The initial surface micro-hardness (SMH; five indentations
in the central area, 100 μm away from each other, 50 g for 5 s,
HMV-2T, Shimadzu, Kyoto, Japan) measurements were per-
formed to select samples with similar SMH values (14, 18).
After these measurements, a total of 52 enamel blocks were
selected to start the experimental procedures (Fig. 1).

Artificial caries induction

To induce caries-like lesions, strains of Streptococcus mutans,
Lactobacillus casei and Actinomyces naeslundii were used in
a tryptic soy broth (TSB) mediumwith 0.5% sucrose (adapted
fromArthur et al., 2015) [17].All blocks remained initially for
48 h in this bacterial inoculum at 37 °C. After this period, the
blocks were rinsed in tap water and stored in relative humidity
for SMH, LFpen and Raman microscopy analysis. After the
first demineralisation cycle andmeasurements, all blocks were
submitted to hydrogen peroxide plasma sterilisation without
damaging the samples to avoid cross infection, and a second
demineralisation cycle was performed. At the end of the sec-
ond cycle, the blocks were randomly divided, and 26 blocks
were submitted to the third demineralisation cycle. At this
moment, the other 26 blocks were submitted to cross-
sectional micro-hardness (CSMH) measurements.

Fluorescence measurements

The LF measurements were carried out using a
DIAGNOdent pen (LFpen; DIAGNOdent 2190, KaVo,
Biberach, Germany). The LFpen was calibrated against a
ceramic reference (standard calibration) according to the
manufacturer’s specifications before each sample mea-
surement. The probe tip, which was designed for smooth
surfaces, was placed perpendicularly on the test site and
moved until the maximum value (peak) was reached; this
value was recorded three times, and the mean was calcu-
lated. The measurements were performed by a single, pre-
viously trained examiner (intra-class correlation (ICC)
mean values 0.95–1.0). These procedures were performed
at baseline and after each demineralisation cycle.

Surface and cross-sectional micro-hardness
measurements

The SMH assessment was performed at baseline and after
each demineralisation cycle (n = 26 after third cycle). Six
indentations were made at a central area, 50 μm from each
other (50 g for 5 s, HMV-2T, Shimadzu, Kyoto, Japan). The
examiner performed a blind assessment.

The samples were longitudinally sectioned (26 samples
after two cycles and 26 after three cycles) through the centre
of the exposed enamel (Isomet 1000, Buehler Ltd., Lake
Bluff, IL, USA), including the sound area, for CSMH. The
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samples were polished again (polishing cloth with 1 and
1/4 μm diamond abrasive, under constant cooling). The in-
dentations were made at 20, 40, 60, 80 and 100 μm of the
surface, on both sound and demineralised areas (three

columns, 50 μm distance). The mean value of each distance
was calculated. The SMH change (%SMH), integrated hard-
ness (KHN × μm) and integrated loss of hardness (ΔKHN)
were calculated for each sample [5, 18].

Fig. 1 Study design
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Raman spectroscopy analysis

To characterise the demineralisation area, one sample after
each cycle was randomly chosen for Raman spectroscopy
analysis (Senterra Raman microscope, Bruker Optics,
Bileria, EUA). The phosphate and calcium peaks were select-
ed, at sound and demineralised areas. The examiner per-
formed a blind analysis.

Statistical analysis

The data were analysed using the Statistical Package for
Social Sciences (SPSS 21, Chicago, USA). The ICC for
intra-examiner reproducibility analysis and analysis of vari-
ance (ANOVA) repeated measures (RM) was followed by
the Holm-Sidak test, which was used to evaluate the correla-
tion among the LFpen, SMH and percentage of change in
SMH mean values (%SMH). Integrated hardness
(KHN × μm) and integrated loss of hardness (ΔKHN) were
also determined. The significance level was set at 0.05.

Results

Intra-examiner reproducibility for the LFpen showed ICC
mean values of 0.95 (baseline), 0.99 (after the first cycle),
0.95 (after the second cycle) and 1.0 (after the third cycle),
indicating an excellent agreement between the examiner mea-
surements in each period.

For the LFpen, SMH and (%SMH) mean values are shown
in Table 1. The CSMH values at different depths (20, 40, 60,
80 and 100 μm) are presented in Table 2.

The integrated hardness (KHN × μm) of sound and
demineralised enamel was calculated at a depth of 100 μm
using the trapezoidal rule [18]. The integrated loss of hardness
(ΔKHN) was calculated by subtracting the integrated hard-
ness of demineralised enamel from the integrated hardness of
sound enamel [5] (Table 3).

Figure 2 shows scatter plots using the LFpen values ac-
cording to the SMH at each assessment period and the com-
parison of the three periods. Figure 3 shows the decrease of
the intensity of the phosphate peak from the interface/
boundary between sound enamel (Z = 0) and demineralised
enamel (Z = 20).

Discussion

Few studies have been conducted focusing on the perfor-
mance of the LF method for the detection and monitoring of
caries lesions on smooth surfaces, and many questions regard-
ing its effectiveness have been pointed out. To our knowledge,
no study has combined a bacterial model to induce caries
lesions for LF measurements and Raman spectroscopy as an
assessment tool for caries lesion progression.

The detection of demineralisation on smooth surfaces and
its progression was evaluated in this study. The LFpen emits a
diode laser at 655 nm wavelength, which is absorbed by the
dental tissues. Part of this light is re-emitted as fluorescence.
The fluorescence increases with the progression of caries le-
sion. According to Lussi and Hellwig (2006) [19], high repro-
ducibility values indicate that the method may be able to mon-
itor the carious process. This statement seems to be true when
caries lesions are evaluated in later stages. In this study, in the

Table 2 CSMH values in
different depths (analysis of
variance (ANOVA) repeated
measures (RM) followed by
Holm-Sidak test, data-log
transformed)

Depth Sound (n = 24) Second cycle (n = 23) Third cycle (n = 24)

Mean KNH (SD) Mean KNH (SD) Mean KNH (SD)

20 μm 236.97 (± 58.16)A* 182.8 (± 69.8)B 193.7 (± 73.4)B

40 μm 260.8 (± 89.8) 226.1 (± 79.6) 239.5 (± 81.5)

60 μm 273.75 (± 84.23) 247.20 (± 69.36) 262.64 (± 82.46)

80 μm 288.93 (± 80.68) 262.35 (± 66.36) 287.10 (± 78.44)

100 μm 292.37 (± 85.93) 268.45 (± 65.49) 284.79 (± 72.63)

Different superscrit letters show significant difference between sound and demineralised CSMH values
only at 20 μm depth

Table 1 The LFpen SMH and
percentage of change in SMH
(%SMH) mean values (analysis
of variance (ANOVA) repeated
measures (RM) followed by the
Holm-Sidak test, data-log
transformed)

Baseline (n = 52) First cycle Second cycle Third cycle (n = 26)

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

FLpen 4.31 (± 1.53)A 7.58 (± 9.70)B 7.16 (± 7.16)B 5.10 (± 3.58)AC

SMH 320.35 (± 20.75)A 80.49 (± 31.92)B 39.82 (± 12.77)C 29.77 (± 10.34)D

%SMH Change – 74.95 (± 9.39)A 87.61 (± 3.66)B 88.52 (± 9.35)B

Different letters on the same line represent significant difference (p ≤ 0.005)
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evaluation of non-cavitated lesions, the ICC values were ex-
cellent (0.95–0.99) in terms of intra-examiner agreement. This
shows that the method is reproducible, however not necessar-
ily valid. These values indicate the use of the LFpen for caries
lesion monitoring over time. Similar results were also found in
previous studies [7, 19].

The microbiological model used in this study was more
suitable than the pH-cycling models for the evaluation of
caries-like lesions. Chemical experimental models, such as
pH cycling and immersion using demineralising agents, do
not simulate the demineralisation process that occurs in the
oral cavity, owing to the absence of microorganisms.
Therefore, they reflect only the physical-chemical aspects of
enamel dissolution. An in vitro model that uses bacterial

biofilm would be more representative than the chemical ex-
perimental models since dental caries is a multifactorial dis-
ease. Moreover, the LFpen detects changes in organic tooth
content, such as fluorophores and other chromophores pro-
duced by cariogenic bacteria. Thus, the induction model of
caries-like lesion used in this study seems to be closer to
clinical reality [15, 20, 21].

In addition to LF, this study also used micro-hardness and
Raman spectroscopy to assess the caries lesions. The micro-
hardness technique has been used to assess tooth mineral loss
[7]. Pioneer studies have suggested that this technique is able
to distinguish among distinct caries lesion depths by the as-
sessment of changes in physical properties of the tooth surface
by means of load applied perpendicularly to a subsurface

Fig. 2 Scatter plots of fluorescence values and SMH at baseline, after the first and second cycles and comparing the three periods

Table 3 Integrated hardness
(KHN × μm) of sound and
demineralised enamel

Cycle Sound Demineralised enamel ΔKHN

Mean (SD) Mean (SD) Mean (SD)

Second cycle 16,440.4 (± 4003.2) 17,527.5 (± 4764.2) 1367.6 (± 2716.3)

Third cycle 15,072.8 (± 3887.0) 16,131.8 (± 4416.5) 1395.8 (± 2831.5)
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Fig. 3 Spectrum generated by Raman spectroscopy after each cycle of demineralisation
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lesion [22, 23]. Furthermore, integrated hardness can be de-
termined in response to distinct lesion depths [23]. On the
other hand, Raman spectroscopy allows the quantification of
mineral content of specimens in terms of calcium and phos-
phate, which are closely related to the pattern of tooth
demineralisation [21, 24]. Therefore, the use of these three
techniques allowed a more in-depth characterisation of the
caries-like lesions produced under the tested conditions.

Although the SMH was statistically different between the
baseline and the three cycles, the CSMH only showed a dif-
ference on the first layer (20 μm), when comparing the second
and third cycles. The superficial SMH change (%SMH) pre-
sented a significant difference only between the sound enamel
(baseline) and initial caries lesion (three demineralisation cy-
cles). Considering the LFpen values, it can be observed that
the cycles for lesion induction were effective in
demineralising enamel blocks and a significant increase in
fluorescence values was found only after the first cycle. This
shows that the method was effective to detect and quantify the
initial demineralisation of the enamel blocks.

However, when the blocks were submitted to the second
and third cycles, simulating the process of lesion progression,
the LFpen was not effective for monitoring lesions in a stage
previous to cavitation. These findings support previous results
obtained by Moriyama et al. (2014) [7]. A positive aspect that
can be understood from this result is that the method is able to
discriminate the sound enamel from the enamel initially
demineralised. In an in vivo study, Gokalp and Baseren
(2005) also found that the LF showed good ability to detect
healthy tooth surfaces [25]. This fact emphasises the idea that
the LFpen device might to be able to detect the first changes in
the enamel since its fluorescence shows more differences be-
tween the sound tissue and a progressed lesion. Moreover,
micro-hardness and Raman analysis were more sensitive to
such mineral changes up to the structural level and therefore
were better to characterise lesion progression over time.

In this study, Raman spectroscopy was used to identify
changes in the inorganic tooth components. Raman spectros-
copy shows the microbiochemical structure of the tissues. It is
a non-destructive vibrational technique, which allows simul-
taneous characterisation of organic and inorganic matter and
could show the pattern of demineralisation through the calci-
um of phosphate peaks (about 960 cm−1) [25]. According to
the increase of demineralisation of the enamel surface during
the three experimental cycles, the obtained spectrum peak of
phosphate (around 960 cm−1) also decreased, indicating that
their phosphate content (mineral content) is lower than that of
the sound enamel. This is in agreement with a recent study that
used this methodology to observe the initial demineralisation
of enamel surfaces [26] and corroborates with Diniz et al.
(2009), who also observed that the LF device was not effective
inmonitoring in vitro demineralisation and remineralisation of
smooth enamel surfaces [24].

Conclusion

Based on the results of the present study, which combined an
investigation of LF with micro-hardness and Raman spectros-
copy, it can be concluded that the LF pen was effective in
detecting the first demineralisation in the enamel; however,
the method did not show any effect in monitoring enamel
lesion progression after three cycles of demineralisation.
These findings indicate that the LFpen does not accurately
measure small changes in mineral content.
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