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Abstract

Introduction: Chlorhexidine (CHX) is a cationic biguanide that binds to negatively charged dentin molecules being slowly released
(substantivity), thereby providing a long-lasting antimicrobial action. The aim of this study was to evaluate the spectral changes in
the root dentin due to the presence of CHX used as an irrigant by means of Raman spectroscopy. Methodology: twenty human canine
teeth were selected and divided into four groups according to the irrigation solution used. After biomechanical preparation, the roots
were longitudinally sectioned for scanning by a Raman spectrometer (785 nm, 300 mW, 4 cm™ resolution). Raman spectra were
collected at six points along the root canal immediately (0O h), 24 h, 48 h, 72 h and 7 days after preparation. Results: the statistical
analysis (ANOVA GLM) was applied to the principal component analysis (PCA) scores. Group CHX showed a strong change in the
position of the phosphate hydroxyapatite band at ~963 cm™, with a shift to higher wavenumbers for the time t = 0; as time passed
this band shifted back to ~963 cm™. This wavenumber shift in this ~963 cm™ peak can be attributed to the presence of remnant CHX
up to 7 days after root irrigation. For the Group CHX + Water, the shift to higher wavenumber was slight and maintained up to t =
72 h. Conclusion: Raman spectroscopy could detect the spectral changes caused by the CHX in the root dentin, thus representing an
additional tool for identifying the adsorption of this compound after root canal preparation.

Keywords: Raman spectral analysis; chlorhexidine; dentin.

Resumo

Introdugdo: a clorexidina (CHX) é uma biguanida catiénica que se liga a moléculas de dentina carregadas negativamente, sendo
liberada lentamente (substantividade), proporcionando assim uma agéo antimicrobiana duradoura. O objetivo deste estudo foi avaliar
as alteragbes espectrais na dentina radicular devido a preseng¢a de CHX usada como irrigante por meio de espectroscopia Raman.
Metodologia: vinte dentes caninos humanos foram selecionados e divididos em 4 grupos de acordo com a solugdo de irrigagdo utilizada.
Apds o preparo biomecdnico, as raizes foram seccionadas longitudinalmente para varredura por um espectrémetro Raman (785 nm,
300 mW, resolugdo de 4 cm™). Os espectros Raman foram coletados em seis pontos ao longo do canal radicular, imediatamente (0
h), 24 h, 48 h, 72 h e 7 dias apds o preparo. Resultados: a andlise estatistica (ANOVA GLM) foi aplicada aos escores da andlise de
componentes principais (ACP). O grupo CHX apresentou forte alteragdo na posicdo da banda da hidroxiapatita fosfatada em ~963
cm™, com deslocamento do pico para direita no tempo t = 0; com o decorrer do tempo, esse pico retornou para ~963 cm™. Esse
deslocamento do pico ~963 cm™ pode ser atribuido a presen¢a da CHX remanescente até 7 dias apds a irrigagdo do canal. Para o
Grupo CHX + Agua, o deslocamento do pico para direita foi pouco pronunciado e mantido até t = 72 h. Conclus3o: a espectroscopia
Raman pode detectar as mudangas espectrais causadas pela CHX na dentina radicular, representando assim uma ferramenta adicional
para identificar a adsorgdo deste composto apds a instrumentagdo do canal radicular.

Palavras-chave: andlise espectral raman; clorexidina; dentina.

INTRODUCTION

The primary aim of root canal treatment of teeth
with apical periodontitis is to disinfect the root canal
system by using chemical and mechanical procedures
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before filling the root canal. The persistence of infection
in the root canal system and/or the periradicular area has
been demonstrated as one of the causes of endodontic
failures?. The root canal instrumentation (manual or
automated) is not fully effective as 10% to 80% of the ra-
dicular area is not touched by the instruments due to the
complexity of the anatomy of the root canal system**. To
overcome this issue, irrigant solutions are being used as an
adjuvant strategy along with instrumentation to reduce
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the number and prevent the growth of microorganisms
in the infected root canal, especially in areas unreachable
to the instruments>>*,

Different irrigation solutions such as sodium hypo-
chlorite (NaOCl), chlorhexidine digluconate (CHX), 17%
ethylene diamine tetracetic acid (EDTA) and citric acid
has been used in endodontic treatments”®, NaOCl is the
most used irrigation substance due to its antimicrobial
action and capacity to dissolve organic tissue. Moreover,
it has shown potential to be considered the main chemical
in biomechanical preparation. On the other hand, CHX
has been widely studied due to its broad spectrum of
bactericidal action, as it can decrease gram-positive and
gram-negative bacteria due to its low surface tension,
thus efficiently entering infected dentinal tubules®’.

Unlike NaOCl, CHX has an adsorption capacity to
dentinal calcium hydroxyapatite [HA]°. Because it is a
cationic molecule, CHX binds with the negatively charged
molecules of dentin, including the mineralised matrix and
collagen matrix. As it is slowly released (substantivity), it
provides long-lasting antimicrobial action. Substantivity
is one of the desirable characteristics of root canal irrig-
ants, where the antimicrobial effects are desired for longer
periods in cases of necrotic and infected pulp, thus pro-
moting effective disinfection of the root canal system and
contributing to the success of endodontic treatment %11,

Different methods have been used for studying the
adsorption of CHX into dentinal HA, including UV spec-
trophotometry>*3, liquid chromatography** and micro-
biological assays®. Raman spectroscopy is an optical

technique based on the measure of the light inelastic
scattering from an incident monochromatic laser beam
by biomolecules. It has been used to identify and analyse
the chemical structure of these molecules. These scat-
tered photons are related to the vibrational energy of
the molecular chemical bonds. Although the mechanism
of Raman scattering (changes in the polarizability of
the dipole induced by the electric field in the molecule)
differs from that of infrared absorption (variation in the
dipole moment occurring when the incident radiation
coincides with the molecular vibration), both techniques
provide information about the energy of the molecular
vibrations®. The main applications include determination
of the chemical structure of biomolecules?, quantitative
evaluations in multicomponent mixtures®® and diagnosis
of pathological changes in biological tissues and fluids**°.

Our team has used the Raman technique in various
applications of non-invasive diagnosis of biological sam-
ples, such as detecting molecular changes in the osseointe-
gration of dental implants® and bone repair®, and in the
effects on mineral and organic phases of bone repair when
associating phototherapy with biomaterials?. Therefore,
this technique makes it possible to determine the nature
and relative quantity of the biochemical compounds pres-
ent in both normal and altered tissues due to pathological
or regenerative processes. The important Raman peaks of
the calcium hydroxyapatite (CHA) (mineral phase), as well
as the collagen (protein—organic phase), are presented in
Table 1. The CHX peaks (solid form) from the literature are
also presented in Table 1.

Table 1 - Peak positions and attribution of the main Raman bands of basal bone used in the interpretation of the spectra of Figure

2. The CHX peaks from the literature are also shown.

Raman peak  Attribution Importance Bone References
~429 v, out-of-plane stretching of phosphate X [24]
apatite (PO,*)
~453 v, out-of-plane stretching of phosphate X [24]
apatite (PO,*)
~592 v, stretching of phosphate apatite X [24, 25]
(PO,") and COO™ modes of collagen
~670 C—Cl stretching — CHX [26]
~854 C—C stretch of proline ring — collagen Higher intensity in collagen Ill compared with collagen | X [25, 27, 28]
matrix
~881 C—Cstretch of proline/hydroxyproline X [25,27, 28]
ring — collagen matrix
~924 C—COO- skeletal backbone — collagen Higher intensity in collagen 111 compared with collagen I X [25,27]
matrix
~9581t0~961 v, symmetric stretching of phosphate Band position and bandwidth highly sensitive to carbonate X [28, 29]
apatite (PO,*) substitution in the phosphate apatite. Band position at 956 cm™!
indicated an amorphous, highly carbonated bone; at 962 cm!
indicated a high crystalline phosphate apatite. Smaller band-
width indicates lower substitution of phosphate by carbonate
in the apatite lattice (higher crystallinity). Higher bandwidth
indicates smaller and unordered crystallites by carbonate
substitution of phosphate. As bone matured, the size of the
individual mineral crystal was found to increase
~1002 to ~1010 Ring breathing mode — phenylalanine Higher for collagen III compared with collagen I X [25,27]
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~1028 to v, asymmetric stretching of phosphate X [30]
~1037 apatite (PO,*)
~1046 v, asymmetric stretching of phosphate [30]
apatite (PO,*)
~1063 v, symmetric stretching CO,>” ion carbonate hydroxyapatite [31]
~1073 v, symmetric stretching B-type car- Substitution of the carbonate ion in the phosphate position in X [28]
bonate (CO32’) the hydroxyapatite lattice structure. Peak intensity increased
with carbonate substitution
~1077 v, asymmetric stretching of phosphate In carbonated apatites the band broadened and the peak shifted [29]
apatite (PO,*) to lower wavenumbers. The overlap with the carbonate band at
1072 cm™ could reduce the measurement precision even with
lower carbonated apatites
~1093 CHX [32]
~1162 CH and NH modes of hydroxylysine, X [25]
C—N stretch - collagen matrix
~1250to Amide Il (C—N stretching/N—H bend- Depends on the side-chain structure of the protein; higher for X [25, 27, 33]
~1300 ing) — collagen matrix collagen lll compared with collagen |
~1268 Tautomeric forms formed from—CNH- [26, 34, 35]
NH—-CNH- in protonated CHX;
C—N stretching
~1323 CH deformation — collagen matrix Higher for collagen | compared with collagen IlI X [25, 27]
~1345 CH, wagging — collagen matrix Higher for collagen Ill compared with collagen | X [25, 27]
~1428 CH, deformation — collagen matrix Present in collagen IlI X [25, 27]
~1450 to CH,/CH, bending/wagging of methy- Collagen | was the most abundant in mature bone. Its wave- X [27, 28, 33]
~1460 lene side chain — collagen matrix number was at around 1443 cm™ for collagen | and changes
to 1454 cm™ for collagen IlI
~1564 NH, deformation and C=N stretching [34, 35]
from biguanine moiety — unproton-
ated CHX
~1608 NH, deformation and C=N stretching [34, 35]
from biguanine moiety — protonated
CHX
~1667 Amide | (C=0 stretch) —collagen matrix This peak could change to 1675 cm™ in case of breakdown X [27, 33]

or rupture of collagen cross-link. Its wavenumber was at
around 1660 cm for collagen | and changed to 1675 cm?

for collagen 1lI

Source: Survey data

It was hypothesised that the use of CHX could cause
changes in the root dentin, which was detectable by
Raman spectroscopy. This study aimed to evaluate, by
means of Raman spectroscopy (785 nm) and principal
component analysis (PCA), the spectral changes occur-
ring in the phosphate and carbonate peaks of CHA (~960
and ~1070 cm™, respectively) and methyl and methylene
peaks of collagen (~1460 cm™) in radicular dentin due to
the presence of CHX used as an irrigation solution in root
canal preparation.

METHODOLOGY

Sample Preparation

This study was approved by the local Research Ethics
Committee (Protocol No. 608.937). It used 20 maxillary
and/or mandibular canine teeth presenting the following
characteristics: formed apexes, straight root, single root
canal, without internal resorption and/or calcification and

without previous endodontic treatment. Internal anatomic
characteristics were evaluated by radiographs taken in
the mesiodistal direction. Teeth were cleaned with water
and a curette to eliminate possible tissue reminders and
were subsequently sterilised in an autoclave.

A carborundum disc (22.2 x 0.6 mm, Dentorium Inc.,
Farmingdale, New York, USA) was used for sectioning
teeth at the cement-enamel junction as well as for creating
longitudinal grooves on the vestibular and lingual surfaces
of each tooth for cleavage after root canal preparation.
The working length (WL) was performed by the visual
method by placing a K-type file #15 (Dentsply Maillefer
Inc., Ballaigues, Switzerland) in the root canal until it could
be visualised in the apical foramen. It was withdrawn by
1.0 mm to establish the WL.

The sample was divided into four groups: experi-
mental (CHX and CHX + Water) and control (Group A and
Group B) (Table 2) with five teeth each. In the experimen-
tal groups, the root canals were prepared by the rotary
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technique with the ProTaper® Universal System (Dentsply
Maillefer Inc., Ballaigues, Switzerland) in the following
operative sequence: S1,S2, F1, F2, F3, F4 and F5 to the WL,
using an X-Smart® Motor (Dentsply Maillefer Inc.) of 250
romand 1.0 N/cm. In Group CHX, the teeth were prepared
using 1.0 mL of 2.0 % CHX solution (FGM Ltda., Joinville, SC,
Brazil) as an irrigant solution applied to each file change.
In the Group CHX + Water, the teeth were also instru-
mented by using 1.0 mL of 2.0 % CHX solution (FGM Ltda.,
Joinville, SC, Brazil) as irrigant solution at each change of
file; however, at the end of root canal preparation, they
were rinsed with 1.0 mL of distilled water. In Control Group
A, the teeth were instrumented according to the steps
used in Group CHX. However, the irrigant solution used
during the entire preparation was a volume of 1.0 mL of
distilled water at each change of file. In Control Group B,
the tooth was not instrumented; instead, it only cleaved
through the vestibular and lingual grooves. The irrigation
was performed for all groups with a disposable syringe
and a needle (NaviTip 31ga; Ultradent, South Jordan, UT,
USA) placed at the WL minus 1.0 mm.

Table 2 - Distribution of the study groups according to the
irrigation solution used.

Groups Irrigation protocol during instrumentation
Group CHX CHX 2.0 % solution

o . ' . o
Group CHX + Water CHX 2.0 % solution + rinsed with distilled

water

Control Group A Distilled water

Control Group B Uninstrumented teeth

Source: Survey data

After preparation, the root canals were dried with
sterilised absorbent paper points F5 (Dentsply Maillefer
Inc., Ballaigues, Switzerland). The teeth were then cleaved
with a manipulation spatula, supported in the longitudinal
grooves previously made, and the dentin walls of the root
canals were submitted to Raman spectroscopy measures.

Raman spectroscopy

The Raman spectra of the root canals were obtained
in the Raman Spectroscopy Laboratory of the Biophotonic
Center of the School of Dentistry at the Federal University
of Bahia. The dispersive Raman spectrometer (Figure
1A) was composed of a diode laser (785 nm excitation
wavelength, 400 mW excitation laser output power;
model BRM-785E, B&WTek Inc., Newark, DE, USA) and
a dispersion spectrograph (model Shamrock 303i, Andor
Technology Ltd., Belfast, Northern Ireland), with a dif-
fraction grating of 600 lines/mm and resolution of 4 cm™,
coupled to a back-illuminate, deep depletion CCD camera
with 1024x128 pixels (model iDUS®, Andor Technology Ltd.)
at a working temperature of -70 °C. The system uses a
“Raman probe” fibre optic cable (model BAC102, BWTek
Inc.) to excitation the sample and collect the Raman spec-
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tra. The 1.5 m-long Raman probe cable is composed of
an excitation fibre of 105 um and a collection fibre of 200
um in diameter, with a focal (working) distance of 10 mm.

The spectrophotometer response and calibration
were verified before data collection using the spectrum
of a tungsten lamp (for spectral response correction
— ordinate axis) and the spectrum of naphthalene (for
Raman shift calibration — abscissa axis). This correction/
calibration was applied to the spectra before the data
pre-processing procedure.

Spectra acquisition was performed by a microcom-
puter using the Solis® software (Andor Technology Ltd.),
selecting an exposure time of 10 s (1 s, 10 accumulations
) and laser power adjusted to 300 mW on the sample.
This acquisition time and power caused no visible damage
to the samples. The readouts were made at six points
distributed along the root canal longitudinal axis (Figure
1B) from the cervical up to the apical region of the root
in all the groups, with the probe’s focal point at the den-
tin surface in all points. Raman spectra were collected
immediately (0 h), 24 h, 48 h, 72 h and 7 days after root
preparation.

Figure 1 - A) dispersive Raman spectrometer setup; B)
instrumented root canal with the measured points highlighted.

Raman Spectrometer

Spectrograph

Raman probe

@ Sample A)

Source: own authorship

After acquisition, the spectra were pre-processed
and stored for later statistical analysis. Pre-processing
consisted of manual removal of cosmic rays spikes and
subtraction of the baseline fluorescence, where a 5 order
polynomial function was adjusted in the spectral range
between 400 and 1800 cm™ on the raw spectrum, and the
polynomial (low-frequency component — fluorescence)
was subtracted, revealing the high-frequency spectral
components (Raman peaks). This pre-processing was
performed using a routine written in the Matlab 7.01
program (The Mathworks Inc., Natick, MA, USA). After
pre-processing, the spectra were normalised by the area
under the curve and stored in ASCII format for later plot-
ting and analysis. The ASCII data were imported into the
Excel software, separated by experimental groups, and
each tooth’s mean spectra were obtained.

Principal component analysis (PCA) was carried out
to provide a way to detect the spectral changes due to
the presence of CHX and to correlate these changes to the
time of action of the CHX on the radicular dentin of the
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root canal. For this purpose, the spectra of dentin of all
groups in all time intervals were submitted to PCA (Matlab
7.01, The Mathworks Inc., statistics toolbox, princomp.m
function). The principal component’s output variables
(loading vectors — PCs and scores) were evaluated, and the
features were compared in each group. The PCs revealed
the spectral changes that occurred in the main peaks of
dentin in each group due to the presence of CHX and time
of root exposure to CHX in terms of band intensity, position
and bandwidth, and the scores intensities could relatively
quantify these changes. PCA has been used with Raman
spectroscopy to detect spectral changes in an experi-
mental model of osteoarthritis tissue after low-level laser
therapy® and to model the risk of clinical complications
related to diabetes and hypertension in urine samples®.

Statistical analysis

ANOVA general linear model (GLM) was applied to
the PCA scores using Minitab 15.0 software (Minitab, Belo
Horizonte, MG, Brazil). The data were initially analysed
to verify their normality (Kolmogorov-Smirnov normality
test). A two-way ANOVA analysis with a balanced design
was conducted. Predictor variables were the treatment
(CHX; CHX + Water; Control A and Control B) and the time
interval (0 h, 24 h, 48 h, 72 h and 7 days after root canal
preparation), which were transformed into a “dummy

variable”. All testing was carried out with a significance
level of 5 % (p < 0.05), and the adequacy of the models
was evaluated with the adjusted R

RESULTS

Figure 2A presents the mean normalised Raman spec-
tra of dentin from all groups at time t = 0. These spectra
show general features of dentin, with peaks and attribu-
tions, as seen in Table 1. The comparison of the spectra
att=_0suggests that Group CHX presented bands at ~961
and ~1,073 cm™ (phosphate and carbonate HA bands,
respectively) with higher intensities when compared to
the other groups. Figure 2B presents the mean normalised
Raman spectra of dentin from the CHX and CHX + Water
groups for the experimental times t =0h, 24 h, 48 h, 72
h and 7 days after root canal instrumentation. Also, it is
plotted the region of the phosphate and carbonate HA
bands (~961 and ~1,073 cm?, respectively). The spectra
of both groups with and without distilled water presented
the same general spectral features of dentin. They did not
present remarkable differences depending on the time
of CHX permanence after root canal preparation. There-
fore, a more detailed analysis of these spectral changes
(intensities, bandwidths and band positions) based on the
spectral decomposition by PCA was performed to find and
explain such differences.

Figure 2 - A) Raman spectra from dentin of the groups at t = 0. B) Raman spectra of dentin from the CHX and CHX + Water groups
at different times t =0 h, 24 h, 48 h, 72 h and 7 days after root canal preparation.
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PCA has been employed to check the spectral differ-
ences induced by the presence of the CHX adsorbed over
the surface of the dentin. Any spectral changes induced
by CHX suggest that it is still present in the root canal and
potentially acting as an antimicrobial agent. First, the PCs
and scores were calculated, and the PCs were compared
to the Raman spectra of the uninstrumented teeth (Fig-
ure 2A — Control B) to find any spectral features different
from the dentin that could be attributed to the presence
of CHX. Then, the scores that presented evidences of
spectral differences in the Raman bands related to the
CHA were plotted. The intensity information contained
in these scores would indicate the presence of remnant
CHX used in the irrigation that is still adsorbed over the
dentin surface. Ultimately, this score may indicate its
concentration, although this was not the aim of this study.

Figure 3A presents the first four PCA variables (PCs
and scores) calculated using the Raman dataset. These
components represent the most relevant spectral infor-
mation presented in the whole dataset and account for
more than 95% of the spectral variation. It is observed
that PC1 presents the most spectral features common to
dentin, with peaks of phosphate and carbonate HA and
proteins. PC2 presents Raman features of phosphate HA

at ~963 cm™, carbonate HA at ~1,063 cm™ and methyl
and methylene peaks of collagen at ~1,454 cm™. PC3 and
PC4 present spectral features in the ~960 cm™ region,
with a negative peak at the left and a positive at the right,
indicating a peak shift to the higher wavenumber. Figure
3B presents the mean value of each experimental group’s
first four principal components scores at different times.
Score 1 showed that Group CHX presented the same inten-
sity at different times, with lesser variation compared to
Group CHX + Water; this fact will be discussed in the next
paragraphs. The Score2, which is attributed to phosphate
HA and collagen, indicated that the Group CHX + Water
had a reduced phosphate HA and collagen compared to
the Control Groups A and B, and to a lesser extent for the
Group CHX. Since the PC3 and PC4 present the same spec-
tral features, the Score3 and Score4 were summed and
indicated that the Group CHX had a strong change in the
phosphate band at ~963 cm™. This band shifts to higher
wavenumbers for the time t = 0, and as time passes, this
phosphate band shifts back to ~963 cm™. For the Group
CHX + Water, the shift to higher wavenumber occurred,
but it was less pronounced and maintained shifted up to
t=72h. Att =7 days, the Group CHX + Water presented
a very strong shift to a lower wavenumber.

Figure 3 - A) Plot of the first four principal components loading vectors (PC1 to PC4) obtained from the Raman dataset, indicating
the spectral features relevant for the differentiation between the groups of root canals containing CHX. The vertical lines are in
the same positions as the main peaks of instrumented dentin teeth (Control B) of Figure 2. B) Plot of the mean of the groups’ first
four principal components scores (Scorel to Score4). PC3 and PC4 and the respective Scores 3 and 4 were summed as they present
closely the same spectral features (presented as PC3+PC4 and Score3+Scored4).
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/Statistical analysis was based on the analyses of
Scorel, Score2, and Score3+4. The hypotheses suggested
for the changes in the spectrum are that the presence of
cationic CHX would induce changes in the polarizability of
the HA due to protonation with the anionic phosphate of
dentinal HA. This change in the spectrum, characterised
by a Raman shift of the phosphate HA band at ~960 cm
to the right, suggested the presence of CHX.

Protonation, the addition of an H* proton to an atom,
molecule or ion, forms a conjugated acid. Protonation
increases the mass and electric charge of a substrate,
in addition to changing the hydrophilicity, reduction
potential, optical properties and others. This is related
to the acidity of the medium and is a reversible process.
Considering the catalytic hydrogen model in which there
would be adsorption of protons into negatively charged
oxygen ions on the surface of orthophosphate groups
found within apatites®, the protonation process would
result in a partial transformation of the PO} into PO >
groups®%*, This superficial protonation of apatite would
be intimately related to the hydrogen bonds, which tend
to be increased with the reduction in pH (lower pH, greater
protonation). Protonation would, therefore, be responsible
for breaking the Ca—0 bond and could explain the spec-
tral changes observed in the present study; this, due to
being reversible, could be the cause of the change in the
position of the phosphate peak to ~960 cm™ and return
to the previous state, due to the substantivity of CHX. The
experiment was not capable of causing morphological
changes in the HA crystals (dissolution), only changes in
polarizability. Also, no Raman feature was observed in the
scores associated with the adsorbed CHX.

With regard to Scorel, there was a greater intensity
in the Groups with CHX in all the experimental time inter-
vals and in the Group CHX + Water 0 h, which suggested
an increase in the polarizability of the molecule induced
by CHX and that in the Groups without CHX and CHX +
Water, after 24 h the polarizability returned to the values
of the Group CHX + Water, which was higher than the
value found in the Group Control B. Regarding the Score2
with features of carbonated HA (peak ~1,064 cm™) and
collagen (peak at ~1,454 cm™), it may suggest changes
in the polarizability with a consequent change in the car-
bonate peak at ~1,063 cm™ and collagen peak at ~1,464
cm™, less intense for the Group CHX + Water than for the
Group CHX. Analysis of Score3+4 showed that there was
a shift to the right of the phosphate HA peak to ~962
cm’, which was very intense for CHX at zero h, and that
this peak returned to the original values (even further to
the right than of Control B) after 7 days. The Group CHX
+ Water had different behaviours. For the time interval
zero h up to 48 h, the shift of the peak ~964 cm™ was close
to that of the Group Water. At 72 h, the peak shifted to
the left, and in 7 days, the peak shifted to the right, with
a smaller Raman shift also than the healthy dentin. This
suggested that the water did not have a strong capacity to
change the polarizability of HA in the time intervals of 48

h; however, at 7 days, there was a shift in the peak of HA
to ~962 cm (shift to lower wavenumber) which suggests
deprotonation of HA by the water (basification of dentin)
or even carbonation.

To find which variable was responsible for the differ-
ences observed in the spectral changes, the ANOVA gen-
eral linear model (GLM) was applied. The GLM shown in
Table 3 allowed the authors to observe that the intensities
of Scorel, Score2, and Score3+4 presented statistically
significant differences for the variable treatment of the
canals. However, only Score3+4 was affected by the vari-
able evaluation time interval after preparation.

Table 3 - Summary of the ANOVA GLM applied to the first four
PCA scores.

PCA variable Variable AdjustedSS F p Value
Scorel Time 0.000458 0.43 =0.788
Treatment 0.0022744 28.35 <0.001*
Score2 Time 0.003850 0.34 =0.848
Treatment 0.222063 26.43 <0.001*
Score3+4 Time 1.19212 87.58 <0.001*
Treatment 0.32031 31.37 <0.001*

* Statistically significant differences (p < 0.05)
Source: Survey data

DISCUSSION

Endodontic infection is characterised by the presence
of microorganisms in root canal systems. Different anti-
microbial agents may be used for disinfection; however,
the time of action of irrigant substances is restricted to
the biomechanical preparation procedure. Studies have
demonstrated that CHX is capable of being adsorbed
into the dentinal walls (substantivity), thus promoting a
prolonged antimicrobial effect >%12,

The capability of Raman spectroscopy to detect the
presence of CHX was confirmed by the analysis of the
results from the groups rinsed with water (Group CHX +
Water), which presented the shift in the phosphate bands
nullified after 72 h. However, after 7 days, the Raman shift
in this rinsed group was stronger than it was in the CHX
group, suggesting deprotonation due to changes in the
pH induced by the water (basification) or carbonation. The
peaks of CHX were not directly observed; only the effect
of its presence caused the band shifts.

Evaluation of the residual effect of CHX has been
based on different approaches. Mahendra et al.** (2014)
compared the antimicrobial substantivity of different
concentrations of CHX used as irrigant solutions during
biomechanical preparation of extracted human teeth,
with samples collected in time intervals of 12 h, 1, 2 and
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3 days after instrumentation. The results demonstrated
greater antimicrobial substantivity of 2 % CHX compared
with 1 % and 0.1 % concentrations for 3 days. Rosenthal,
Spangberg, and Safavi® (2004) evaluated the substantivity
of CHX in root canal systems and the length of time this
effect persisted. Bovine roots remained in CHX for 10 min
and were evaluated in time intervals of 1 day, 3, 6 and 12
weeks using UV spectrophotometry at 253 nm. The results
showed that CHX was retained in radicular dentin and had
an antimicrobial effect for 12 weeks, although this effect
became reduced over time.

In the present study, Raman spectroscopy suggested
the presence of CHX in radicular dentin by revealing a
shift in the peak corresponding to the HA in the group CHX
since the non-vital teeth could not undergo mineralisation,
thereby discarding a spectral change resulting from the
occurrence of carbonation in HA, which would lead to the
same spectral change. Jones et al.>* (2000) evaluated the
effects of polymeric components (polycarbophil, polyvin-
ylpyrrolidone and hydroxymethyl cellulose) on the physical
state of CHX within semi-solid bioadhesive formulations by
using Raman spectroscopy. The results showed that there
was a change in the most intense band, with a wavenum-
ber shift from ~1,564 cm™ to ~1,608 cm™ in formulations
containing CHX and polycarbophil (PC), which could be
attributed to the protonation of CHX by the numerous
groups of carboxylic acids of PC. Pascon et al.*° (2012)
evaluated the morphological and biochemical changes in
pulp chamber dentin after the use of endodontic irrigants
by means of the Fourier-transform (FT) Raman technique.
The results demonstrated significant differences in the
integrated areas of the phosphate HA peak at ~960 cm
between the groups without treatment: 2 % CHX; 2 % CHX
+17 % EDTA; 17 % EDTA; 5.25 % NaOCl and 5.25 % NaOC/
+ 17 % EDTA, and that CHX was the irrigant that caused
the greatest modifications in inorganic components. The
authors justified that CHX is a cationic component with
the ability to bind to anionic molecules such as phosphate
HA present in the dentinal calcium-carbonate complex,
which could lead to the release of small quantities of
calcium from dentin.

CHX contains two positive charges in its guanidine
groups, and these groups may be electrostatically attract-
ed and bind to the phosphate group in HA by protonation
1241 This could lead to a change in the polarizability of HA
and, consequently, a change in the Raman spectrum by
band shifting. CHX bond to phosphate leads to the release
of small quantities of calcium from dentin, which could
cause changes in the Ca/P ratio of dentin“. In this case,
changes would occur in the ratio between the peaks at
~960 and ~1,070 cm’; this fact was not evaluated in the
present study.

Our results showed the shift of the peak ~960 cm™ to
the right in the time interval t = 0 in the CHX group and
the return to the initial value during the experimental
periods (p < 0.05). The interaction of CHX with dentin is
consistent with adsorption, instead of the reactive process
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with precipitation of CHX salts*?, which would justify the
findings presented in this study with reference to the re-
versal of the adsorption process by the return of the peak
to its previous position. This fact was not observed in the
Group CHX + Water until 48 h, which suggested that the
water could have influenced polarizability at 72 h. The shift
of the peak at ~960 cm™ to lower wavenumber in 7 days
was characteristic of the basification of HA by H* which
means a change in the polarisation or, less probably, the
release of calcium of the carbonation of HA.

The PCA technique, which has been used previously
with Raman spectroscopy % to identify changes in the
composition of biological tissues due to the application
of treatment/healing based on low-level laser light, is a
tool that is sensitive to small spectral changes induced by
changes in the chemical environment.

CONCLUSION

This study demonstrated that Raman spectroscopy
and PCA effectively identified spectral changes in root den-
tin resulting from the adsorption of CHX after irrigation.
The findings indicate that the presence of CHX modifies the
polarizability of the HA phosphate groups, as evidenced by
the shift to the right of the phosphate characteristic peak
at ~960 cm™. This shift varies depending on the duration
of the root canal’s contact with CHX and the specific irri-
gation protocol used (CHX alone versus CHX followed by
rinse with distilled water).

These spectral alterations suggest that the interac-
tion between CHX and dentin occurs through reversible
protonation processes, which can be further influenced
by the presence of water, thereby altering the behaviour
of the characteristic peak. Moreover, the application of
PCA enabled the discrimination of subtle chemical chang-
es induced by the irrigant, highlighting its potential as a
complementary tool for evaluating endodontic treatment
protocols.

Combining Raman spectroscopy and multivariate
analysis can unleash the possibility of monitoring chemical
changes in dentin non-invasively. This approach could
significantly optimise endodontic treatments by refining
irrigation protocols and enhancing antimicrobial efficacy
without compromising the structural integrity of dentin.
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