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Abstract

Investigate the impact of antimicrobial photodynamic therapy (aPDT) using different photosensitizers (PSs) such as indo-
cyanine green (IG), curcumin (CC), and methylene blue (MB), with or without intracanal application of calcium hydroxide
(CH), on the push-out bond strength of glass-fiber posts (GFPs) to intraradicular dentin, the chemical composition of the
root substrate, and the sealing of the adhesive interface across different thirds of intraradicular dentin. A total of 112 bovine
teeth underwent biomechanical preparation and were divided into eight experimental groups (n =14 each): Negative con-
trol with deionized water; positive control with deionized water + CH; IG group with indocyanine green and infrared laser;
IG + CH group; CC group with curcumin and blue LED; CC + CH group; MB group with methylene blue and red laser; and
MB + CH group. The push-out bond strength was measured using a universal testing machine (n =8), and scanning electron
microscopy characterized the fracture patterns. Energy dispersive spectroscopy (n=3) analyzed the chemical composition
of the dentin substrate, while fluorescence confocal microscopy (n=3) assessed the adhesive interface sealing between the
resin cement and root dentin. Data were analyzed using two-way repeated measures ANOVA and the Tukey test for push-
out bond strength and chemical composition comparison, with the Kruskal-Wallis and Dunn’s tests (aa=0.05) for adhesive
interface sealing. Significant bond strength differences were noted across root thirds and experimental groups (P <.05), with
the IG + CH group showing the highest cervical bond strength and the IG group the lowest. Apical bond strength was high-
est in the CC group but lower in the NC and PC groups. Mixed failures predominated, except in the MB + CH group, where
adhesive failures prevailed. Elemental composition varied among groups treated with different PSs and CH (P <.05), but
interface quality, tag formation, and penetration depth showed no significant differences (P> .05). Laser-activated 500 mg/L
CC combined with CH emerged as a clinically relevant option for root canal decontamination before GFPs luting. aPDT
with different PSs and root canal depth influenced the push-out bond strength of GFPs and the chemical composition of root
dentin. Curcumin-mediated aPDT at 500 mg/L proved effective, enhancing bond strength and sealing while maintaining
consistent dentin composition across depths.
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Introduction

Despite technological advancements in Endodontics,
microbial persistence within the root canal system (RCS)
remains challenging due to the complex internal anatomy
and structural resilience of the root canal [1, 2]. Microbial
contamination can extend into dentinal tubules, making
mechanical and chemical decontamination methods inad-
Extended author information available on the last page of the article equate, especially in complex anatomies like accessory
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canals and isthmuses. Factors such as irrigation solutions,
intracanal medications, and instrumentation type (manual
or mechanized) affect endodontic treatment success [3] and
the durability of intraradicular support for prosthetic restora-
tions [4, 5].

Root canal treatment involves multiple stages, includ-
ing the use of calcium hydroxide (CH) as an antibacterial
dressing [6]. CH is known for its anti-endotoxin properties
due to its high pH, which induces antibacterial effects [7].
However, its efficacy against microbial biofilms, especially
Enterococcus faecalis, is controversial [8].

Antimicrobial photodynamic therapy (aPDT) is a mini-
mally invasive approach used in healthcare to treat various
diseases [9—13]. In endodontics, aPDT is recommended
post-biomechanical preparation and pre-intracanal medica-
tion to enhance conventional therapy [5, 14]. It uses a photo-
sensitizer (PS), light source, and oxygen to produce radicals
that eradicate target microorganisms [15]. Research shows
significant reductions in microorganisms like Enterococcus
faecalis and Porphyromonas gingivalis [2, 14], along with
decreased post-operative pain and improved periapical tissue
healing [16, 17].

Selecting the appropriate PS and light source is crucial for
the effectiveness of aPDT [18, 19]. Among the PSs approved
for intraoral use and widely utilized in dental applications,
methylene blue (MB) and toluidine blue compounds are con-
sidered non-toxic and have demonstrated proven antimicro-
bial action in aPDT [20]. Their cationic charge facilitates
penetration of the outer membrane of gram-negative bacte-
ria, exhibiting high affinity for bacterial cells over host cells
[21]. Another safe and widely researched PS is curcumin
(CC), a natural compound with known chemical and phar-
macological effects [15, 22, 23]. With a broad absorption
spectrum (300-500 nm), CC serves as a photochemical com-
pound suitable for aPDT [20, 24]. Indocyanine green (IG), a
synthetic fluorescent dye approved by the US Food and Drug
Administration, is a promising PS option for antimicrobial
photodynamic therapy (aPDT). IG exhibits strong absorption
in the near-infrared spectrum, particularly within the range
of 800 nm to 810 nm, allowing for efficient activation with
minimal scattering interference. This property enhances its
antimicrobial efficacy and enables deeper light penetration
into biological tissues, making it particularly suitable for
use in the complex anatomy of root canal systems [25, 26].

Recent works have highlighted the impact of various PSs
and lasers on the mechanical characteristics of root dentin
and the resin-based cements bonding strength [5, 20, 22,
24]. However, there is a notable gap in the literature regard-
ing comparative studies examining the effects of PS-1G in
comparison to other PSs, either alone or in combination with
intracanal medication such as CH, on the bond strength of
glass-fiber posts (GFPs), the chemical composition of
the intraradicular surface, or the sealing of the adhesive
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interface. This gap is particularly significant for teeth that
have undergone endodontic treatment and exhibit substantial
coronal destruction, as they necessitate intraradicular retain-
ers for functional and aesthetic restoration.

This in vitro study aimed to assess the impact of aPDT
using IG, CC, and MB, with or without CH, on the push-out
bond strength, adhesive interface sealing, and chemical com-
position of GFPs to different thirds of intraradicular dentin.
The null hypotheses were: (1) Different PSs in aPDT, alone
or with intracanal medication, do not yield significant differ-
ences in push-out bond strength, adhesive interface sealing
of GFPs to intraradicular dentin, or root dentin chemical
composition; (2) Different intraradicular thirds do not result
in significant differences in bond strength, adhesive interface
sealing, and chemical composition of intraradicular dentin.

Materials and methods
Experimental design

The materials used are detailed in Table 1, and the ethics
approval number is #0418/2022. 120 bovine incisor teeth
from approximately 3-year-old cattle, free from cracks, frac-
tures, or curved roots, were used (Fig. 1-A) [5, 27]. The
anatomical crowns were removed with a low-speed diamond
saw to standardize root length at 20 mm and maintain an
average root canal diameter of 4 mm (Fig. 1-B). Biomechan-
ical root canal instrumentation was performed using manual
K-Files #45 to #80 (Dentsply-Maillefer, Ballaigues, Switzer-
land) (Fig. 1-C). Root canals were irrigated with 10 ml of
2.5% sodium hypochlorite at each file change, followed by
17% ethylenediaminetetraacetic acid (EDTA; Biodinidmica
Quimica e Farmacéutica LTDA, Ibipora, PR, Brazil) for
3 min, then rinsed with 2.5% sodium hypochlorite to remove
the smear layer. Apices were sealed with dental adhesive
(Adper Single Bond 2; 3 M ESPE, St Paul MN, USA) and
resin composite (Filtek Z250 XT, 3 M ESPE, St Paul MN,
USA) to prevent PS extravasation during root canal obtura-
tion (Fig. 1-C) [28, 29].

Antimicrobial photodynamic therapy
and experimental groups

Table 2 details the eight experimental groups (n=14). The
negative control group (NC) received deionized water only,
while the positive control (PC) received deionized water and
intracanal medication for 14 days. Groups subjected to aPDT
used PS-1G 50 mg/L (Ophthalmos S/A, Sao Paulo, SP, Bra-
zil) with an infrared Laser (A=808 nm; 100 mW; 6 J, 200 J/
cm?, output area of 3 mm?; Laser Duo; MMO, Sao Carlos,
SP, Brazil) for 60 s [25], PS-CC 500 mg/L (Sigma Aldrich,
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Table 1 Materials, classification, composition, and batch numbers of the materials used

Material Classification Composition* Batch
Adper Single Bond 2 (3M ESPE)  Adhesive System BisGMA, HEMA, glycerol 1,3-dimethacrylate, diurethane dimeth- N820206
acrylate, water, ethanol, photoinitiators, 5 nm silanized silica,
polyacrylic and itaconic acid copolymer.
Filtek Z350XT (3M ESPE) Resin Composite Bis-EMA, Bis-GMA, TEGDMA, UDMA, silica and zirconia HB004209993
nanofillers, and, agglomerated zirconia silica nanoclusters.
Calcium Hydroxide (Biodinamica) Intracanal Medication 38% of calcium hydroxide and, 62% of barium oxide. (pH = 12.4) 36870
Todoform (Biodinamica) Intracanal Medication Iodoform (99-100%) 005-22
Propylene Glycol (Farma Formula) Intracanal Medication 100% propylene glycol 530080
MTA Fillapex (Angelus) Endodontic Sealer Salicylate resin, natural resin, diluting resin, bismuth oxide, nano- 69038
particulated silica, MTA and pigments.
RelyX Ceramic Primer Ethyl alcohol, water, and 3-MPS. 2106800707
Ceramic Primer
(3M ESPE)
RelyX U200 (3M Resin Cement Base: methacrylate phosphoric acid esters, glass-fiber, triethylene 25015
ESPE) glycol dimethacrylate, sodium persulfate, silane-treated silica.

Catalyst: substitute dimethacrylate, glass fiber, sodiump-toluene-
sulfonate, silane-treated silica, calcium.

Bis-EMA ethoxylated bisphenol A glycol dimethacrylate, HEMA 2-hydroxyethyl methacrylate, Bis-GMA bisphenol-A diglycidyl ether dimeth-
acrylate, TEGDMA triethylene glycol dimethacrylate, UDMA urethane dimethacrylate, MTA mineral trioxide aggregate, 3-MPS 3-methacryloxy-

propyl-trimethoxy silane

*According to manufacturer’s information

Merck KGaA, St. Louis, MO, US) with a 480 nm blue LED
for 240 s [21, 28], and PS-MB 50 mg/L (Chimiolux, DMC,
Sao Carlos, SP, Brazil) with a red Laser (A=660 nm; 100
mW: 6 J, 200 J/cm?, output area of 3 mm?; Laser Duo;
MMO, Sao Carlos, SP, Brazil) for 60 s [27, 29] (Fig. 1-D).
During the pre-irradiation period, PSs were agitated for one
minute. An ultrasonic insert (Helse Dental Technology,
Santa Rosa de Viterbo, SP, Brazil) positioned 2 mm below
the working length was used with an ultrasound device
(NEWTRON P5 XS, Satelec Acteon, Indaiatuba, SP, Brazil)
set to power scale 2, avoiding canal wall contact [27, 28].
PS activation used a 300 pm-diameter optical fiber (DMC
Equipamentos, Sio Carlos, SP, Brazil) with helical move-
ments, moving apically to cervical regions at 10 times per
minute to a depth 2 mm shorter than the working length [29,
30]. Post-aPDT, canals were irrigated with 10 mL deionized
water, then dried with air jets and sterile paper points (Dent-
sply Sirona, York, PA, USA).

Calcium hydroxide medication

Groups PC, IG+ CH, CC+ CH, and MB + CH received
CH intracanal medication mixed with iodoform (Biod-
indmica Quimica e Farmacéutica, Ibipora, PR, Brazil)
and propylene glycol (Farma Formula, Contagem, MG,
Brazil), introduced using a #4 Lentulo instrument (Fig. 1-
E). Samples were sealed with interim cement and stored
in 100% humidity at 37 °C for 14 days. Radiographs

confirmed CH filling. After this period, the coronal seal
and CH were removed with 2.5% sodium hypochlorite and
an endodontic file (Maillefer Instruments - K#80, Tulsa,
OK, USA). Another radiographic analysis confirmed
complete CH removal [5].

Bonding strength analysis (push-out)

Samples were loaded with MTA Fillapex sealer (Angelus,
Londrina, PR, Brazil), gutta-percha cones (#80), and F and
MF aucxiliary cones (Dentsply Sirona, York, PA, USA)
(n=8)(Fig. 1-F). The obturation used Tagger’s technique.
Teeth were stored in 100% humidity at 37 °C [21, 29].
After a week, gutta-percha up to 9 mm depth was removed
with a #2 White Post DCE system drill (White Post DCE
#2; FGM, Joinville, SC, Brazil). Canals were flushed with
10 ml of 0.9% physiological saline, dried with sterile paper
points. GFPs were etched with 37% phosphoric acid (FGM,
Joinville, SC, Brazil) for 60 s, treated with silane RelyX
Ceramic Primer (3 M ESPE, St Paul MN, USA) for 60 s,
and dried with gentle air to prevent surface contamination.
The RelyX U200 resin-based cement (3 M ESPE, St Paul
MN, USA) was dispensed with a mixing tip and injected
into the post space (Fig. 1-G). The resin cement was evenly
spread onto the GFP surface, then the intraradicular retainer
was placed into the canal. Polymerization was performed
for 40 s from the cervical area with an LED light curing

@ Springer



51 Page 4 of 16

Lasers in Medical Science (2025) 40:51

4 mm E
[_Iﬁ =
O !
tm| T 20 mm
Bovine
Teeth — - 9 — — -, >
(n=14) Endodontic  Apical Calcium Root Canal  Root Canal Fl
. - - : Glass-Fiber
Treatment  Sealing Indocyanine || Curcumin |[ Methylene Hydroxide Obturated  Prepared for Post
Green + + Blue + Intracanal Glass-Fiber Post Luting P!
Infrared Laser || Blue LED || Red Laser Medication uting Frocess
(A =808 nm) (| (A =480 nm)|[(A =660 nm)
. Photodynamic X
Bond Strength Analysis Therapy SEM + EDS Analysis
H (n=8) I J (n=3) '
1
Cervical Extrusion speed Cervical
1.3 mm of 0.5mm/min
. Middl !
}: :mm — Active tip Midle
3 mm i
: o
N s
_' @ + 1.2 apical _’ - -
Root Canal Slices Scanning Electron Microscopy and
With 1.3 mm Energy Dispersive Spectroscopy
Confocal Microscopy Preparation Confocal Microscopy Analysis
K L
5 Cervical '
1.3 mm -
1.3mm Middle
1.3mm d -
‘ Apica
— — * — — —
RooLma Ao s Gonon Rogt Gara Sices .
Fluorescein Dye and Dried Rho da+m ine B With 1.3 mm Confocal Microscope

Fig.1 Sample preparation: A, Bovine teeth; B, Removal of anatomi-
cal crowns; C, Standardization of root canal length and diameter, and
apical region sealing; D, aPDT session using indocyanine green (A
808 nm), curcumin (A 480 nm), and methylene blue (A 660 nm); E,
Calcium hydroxide intracanal medication; F, Samples obturation; G,

Table 2 Distribution of the experimental groups

Post-luting; H, Preparation of 1.3-mm thick intraradicular slices for
push-out bond strength tests; I, Push-out bond strength test; J, Prepa-
ration of specimens for SEM and EDS analysis; K, Specimen prepa-
ration for confocal microscopy; L, Preparation of slices for confocal
microscopy analysis

Groups Abbreviation Treatment Details

Root canals were irrigated with deionized water and filled with calcium hydroxide-based intracanal medication (Positive

Root canals were filled with indocyanine green photosensitizer at 50 mg/L activated by infrared Laser (A 808 nm).
Root canals were filled with indocyanine green photosensitizer at 50 mg/L activated by infrared Laser (A 808 nm) and

Root canals were filled with curcumin photosensitizer at 500 mg/L activated by blue LED light (A 480 nm) and filled with

ensitizer at 50 mg/L activated by red Laser (A 660nm).

NC Root canals were irrigated with deionized water (Negative control).
PC
control).
1G
IG + CH
filled with calcium hydroxide-based intracanal medication.
CcC Root canals were filled with curcumin photosensitizer at 500 mg/L activated by blue LED light (A 480 nm).
CC+CH
calcium hydroxide-based intracanal medication.
MB Root canals were filled with methylene blue photos
MB + CH Root canals were filled with methylene blue photos

calcium hydroxide-based intracanal medication.

ensitizer at 50 mg/L activated by red Laser (A 660nm) and filled with

device (Radii-Cal; SDI, Bayswater, Australia) at 1200 mW/
cm?. Samples were maintained for 7 days at 37 °C and 100%
humidity [24, 31].
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Specimens were sectioned perpendicularly into 1.3 mm
thick slices (cervical, middle, and apical) (Fig. 1-H). Slice
thickness and internal base diameters were measured using
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a digital caliper (Mitutoyo, Aurora, IL, USA) [31]. The
push-out test was performed on a universal testing machine
(DL3000, EMIC, Sao José dos Pinhais, PR, Brazil). A metal
tip with specific diameters for each root third (cervical
third — 1.90 mm; middle third — 1.40 mm; and apical third
—1.20 mm) was fixed at the upper portion, while the sample
was secured on a stainless steel support at the lower portion.
Compressive load was applied at 0.5 mm/min (Fig. 1-I), and
push-out bond strength values were calculated as [31]:

POBS = F/A

where POBD represents the push-out bond strength (MPa);
F is the maximum force (N); and A is the adhesive interface
area (mm?) calculated using the following equation [31]:

A=x(Rc+R)\ (Re—R,) + 12

where © is 3.14; R and R are the largest (coronal) and
smallest (apical) post radii, respectively; and h is the height
of the third slice.

Post-test, slices were bisected to examine the adhesive
interface using a stereomicroscope (Stemi SV11, Zeiss,
NY, USA) at X6 and X66 magnifications, identifying failure
modes: mixed, adhesive, cohesive in dentin, and cohesive in
resin cement. Representative samples were gold-coated and
examined using SEM (JEOL, 5600LV- JSM, Tokyo, Japan)
to visualize fracture patterns [24].

Substrate morphology and chemical
composition analysis

After CH removal, twenty-four samples (n=3) were sec-
tioned into 1.3 mm slices representing the cervical, mid-
dle, and apical thirds. These were analyzed using SEM
with an energy dispersive spectroscopy (EDS) system. EDS
assessed the relative abundance of carbon (C), oxygen (O),
phosphorus (P), calcium (Ca), magnesium (Mg), sodium
(Na), silicon (Si), and zinc (Zn). Five positions per speci-
men were pre-selected and analyzed to determine chemical
composition, with an arithmetic mean calculated for each
third (Fig. 1-J) [32, 33].

Adhesive interface sealing analysis

Twenty-four specimens (n=3), restored with GFPs, were
examined using confocal fluorescence microscopy. Two dyes
were used for visualization: fluorescein (0.1%) (FDA, Sigma
Chemical Co, St. Louis, MO, USA), introduced into the
root canals after removing 9 mm of the filling material, and
Rhodamine B (Sigma Chemical, USA), incorporated into
the resin cement at 0.16 pg/g before post-luting (Fig. 1-K).

Specimens were stored in 100% humidity at 37 °C for 7
days. Slices were examined using a confocal laser scan-
ning microscope (CLSM)(Leica TCS SP2; Leica Microsys-
tems, Heidelberg, Germany). The excitation used an argon
laser (488 nm) and a He-Ne laser (453 nm) [34]. Confocal
micrographs were captured in fluorescent mode using an oil
immersion objective lens (x40, numerical aperture 1.25).
Photos of four regions per sample were taken and assembled
for analysis. Interface parameters (dentin/cement adhesive
interface quality, formation of tags in intraradicular dentin,
and tag penetration depth) were evaluated based on scores by
Strazzi-Sahyon et al., 2023 [5] and Moda et al., 2018 [35].

Statistical analysis

Bond strength, chemical composition, and adhesive interface
sealing data underwent normality (Shapiro-Wilk) and homo-
geneity (Bartlett) tests. Push-out bond strength and chemi-
cal composition data were analyzed using two-way repeated
measures Analysis of Variance (ANOVA) followed by Tuk-
ey’s post hoc test (a=0.05) (Minitab Statistical Software,
version 19.2020.1.0). The evaluation of adhesive interface
sealing was conducted through inter-examiner Kappa test-
ing and subjected to analysis via Kruskal-Wallis and Dunn’s
tests (a=0.05) using SigmaPlot Version 12.0.

Results
Push-out bond strength

The push-out bond strength values are summarized in
Table 3. Analysis revealed significant differences in bond
strength among different root thirds within the NC group,
with lower values in the apical third compared to the cer-
vical and middle thirds (P <.05). The IG group showed
higher values in the apical third relative to its cervical region
(P=.007), while the IG + CH group had elevated values in
the cervical third compared to its middle third (P =.015).

In the cervical third, the IG 4+ CH group had significantly
higher bond strength compared to the PC, IG, CC, and
MB + CH groups (P <.05). Conversely, the IG group had the
lowest bond strength in the cervical third, significantly dif-
fering from the NC, IG+ CH, and CC + CH groups (P <.05).
Additionally, the MB + CH group had lower bond strength
than the CC+ CH group in the cervical third (P=.021). For
the middle third, the only significant difference was between
the NC and PC groups, with the NC group showing higher
values (P=.027). In the apical third, both the NC and PC
groups had lower bond strength compared to the IG, CC, and
MB groups (P <.05).

Failure type analysis revealed a predominance of mixed
failures across all groups, except for the MB + CH group,
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Table 3 Mean + standard deviation values of push-out bond strength (MPa) of intraradicular dentin as function of the experimental groups and

intraradicular thirds

Groups NC PC 1G IG + CH CC CC+ CH MB MB + CH
Thirds
Cervical 5.37 +2.36 3.93 +1.17 2.64 +1.53Bd 649 +292Aa 4.18+ 1.40 6.03 +2.12 4.54 +2.02 3.44 +1.65
Aabc Abcd Abcd Aab Aabced Acd
Middle 5.59+421Aa 3.10+2.11 Ab 3.45+2.11 3.50 +£2.48 4.94 +1.80 495 +2.59 4.72 +2.84 4.14 + 1.37
ABab Bab Aab Aab Aab Aab
Apical 304 +1.26Bb 336 £+ 1.69 Ab 5.67 +2.42 Aa 4.51+2.73 6.14 + 1.66 Aa 4.56 +2.59 5.57 +2.53 Aa 4.02+2.15

ABab

Aab Aab

Different letters, uppercase in column and lowercase in row, indicate statistically significant differences (P<.05)

NC negative control (root canals irrigated with deionized water), PC positive control (root canals irrigated with deionized water and filled with
calcium hydroxide-based intracanal medication), /G root canals were filled with indocyanine green photosensitizer at 50 mg/L activated by infra-
red Laser (A 808 nm), /G + CH root canals were filled with indocyanine green photosensitizer at 50 mg/L activated by infrared Laser (A 808 nm)
and filled with calcium hydroxide-based intracanal medication, CC root canals were filled with curcumin photosensitizer at 500 mg/L activated
by blue LED light (A 480 nm), CC + CH: root canals were filled with curcumin photosensitizer at 500 mg/L activated by blue LED light (A 480
nm) and filled with intracanal calcium hydroxide-based intracanal medication, MB root canals were filled with methylene blue photosensitizer
at 50 mg/L activated by red Laser (A 660nm), MB + CH root canals were filled with methylene blue photosensitizer at 50 mg/L activated by red
Laser (A 660nm) and filled with calcium hydroxide-based intracanal medication

where adhesive failure predominated (Fig. 2). Figure 3
shows representative SEM images illustrating the failure
patterns observed in each group.

Substrate morphology and chemical composition

Figure 4 presents the energy-dispersive X-ray spectra of the
intraradicular dentin surface alongside SEM micrographs
corresponding to each experimental group. Table 4 outlines
the percentage values representing the mass of chemical ele-
ments identified on the dentin surface for each group and
root third.

Fig.2 Occurrence of failure 30
patterns of the specimens (num-
ber of sample thirds)
25
[—

N
o

Number of Specimens
- "
o o
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Oxygen levels in the apical third were significantly lower
in the NC group compared to the PC, IG+ CH, CC+CH,
and MB + CH groups (P <.05). The PC, IG+CH, and
MB + CH groups had higher oxygen levels in the apical
third compared to the NC and MB groups (P <.05). Within
the MB group, oxygen levels were lower in the cervical
third compared to the middle region (P =.013), while the
MB + CH group had higher levels in the apical third com-
pared to the cervical third (P=.022).

For phosphorus levels, in the cervical third, the NC
and CC groups had higher values compared to the PC
and IG + CH groups (P <.05). The PC group had lower
values compared to the NC, IG, CC, MB, and MB + CH

1 [ ] . [—
u Cohesive failure
Adhesive failure
B Mixed failure
IG +CH cc CC+CH MB MB+CH

Experimental Groups
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Fig.3 Scanning electron microscopy images with original magnifi-
cation of x30 and %300, respectively. A, B — Mixed-type failure of
NC group; C,D - Mixed-type failure of PC group; E,F - Mixed-type
failure of 1G group; G,H - Mixed-type failure of IG+CH group;

groups (P <.05). In the middle region, the PC group had
lower values compared to the NC, IG, CC, and MB groups
(P <.05). In the apical third, the NC and CC groups had
higher values compared to the PC and CC + CH groups
(P <.05). Only the PC group showed a disparity in phos-
phorus levels, with lower values in the middle third com-
pared to the apical and cervical regions (P < .05).

For calcium levels, the PC group had higher values in
the cervical and apical thirds compared to the IG group
(P <.05). In the apical third, the PC group had higher val-
ues compared to the IG and CC groups (P <.05). No sig-
nificant differences were observed between the root thirds
for calcium (P > .05).

For magnesium, the PC group had lower values than the
NC and CC groups in the cervical third (P <.05). The CC

LJ - Mixed-type failure of CC group; K,L — Mixed-type failure of
CC +CH group; M,N - Mixed-type failure of MB group; O,P - Adhe-
sive-type failure of MB + CH group

group had higher values in the cervical region compared
to the PC and CC + CH groups. No significant differences
were observed between the thirds for magnesium (P> .05).

In the sodium analysis, the NC group had higher values
than the PC, IG+ CH, CC + CH, and MB + CH groups in
the cervical third (P <.05). In the apical third, the NC
and CC groups had higher values compared to the PC,
CC+ CH, and MB + CH groups (P <.05). No significant
differences were observed between the thirds for sodium
(P>.05).

No significant differences were detected across groups
and root thirds for carbon, silicon, and zinc (P > .05). Sili-
con was detected only in the NC and CC groups, while
zinc was found in some thirds of the groups with CH medi-
cation, despite the lack of significant differences.

@ Springer
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Fig.4 Energy-dispersive X-ray spectra of intraradicular dentin sur-
face and scanning electron micrographs under original magnification
(%x300), according to each experimental group. A — NC group; B — PC

Adhesive interface sealing

The results of the adhesive interface sealing assessment,
including scores and micrographs obtained via confocal
laser scanning microscopy, are presented in Table 5; Fig. 5,
respectively. Inter-examiner agreement scores were 0.78,
0.84, and 0.80 for interface quality, tag formation, and tag
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group; C — IG group; D - IG + CH group; E — CC group; F - CC+CH
group; G — MB group; H - MB + CH group

penetration depth, respectively. No significant differences
were observed among experimental groups or root thirds
for any criteria (P >.05) (Table 5). Score 0 predominated in
adhesive interface quality across all groups, except for the
CC+CH, MB, and MB + CH groups, where score 1 was
more common. For tag formation in dentin, scores 1 and 2
predominated. Tag penetration depth was primarily score 2
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Table 4 Mean + standard deviation values of the root dentin chemical element content (%) as function of the experimental groups and intra-
radicular thirds

Groups NC PC 1G IG+ CH CcC CC + CH MB MB + CH
Thirds
Carbon (C)
Cervical 10.10 +£2.61  9.58 +0.59 12.98 +0.13 11.96 + 0.81 1051 +2.12 1045+ 0.66 1238 +0.87 11.27 +0.69 Aa
Aa Aa Aa Aa Aa Aa Aa
Middle 11.34+241 10.87+0.97 1345+1.23 1170 +£0.73 1757 +6.05 10.82+149 1344+ 1.18 13.18+1.61 Aa
Aa Aa Aa Aa Aa Aa Aa
Apical  12.61+2.62 1044 +£0.80 1358 +0.038 11.16+293 1278 +0.65 10.88+2.23 1436+ 1.58 12.30+ 1.76 Aa
Aa Aa Aa Aa Aa Aa Aa
Oxygen (O)
Cervical 40.82+2.71 4478 +3.02 4247 +144 43.14+3.11 41.64+2.18 4545+132 3947+023 41.84+1.28Ba
Aa Aa Aa Aa Aa Aa Ba
Middle 42.34 +234 4394 +6.83 43.00+053 4378 +1.07 4157+1.79 4377+092 41.63+0.52 43.65+0.72
Aa Aa Aa Aa Aa Aa Aa ABa
Apical  40.51 +£3.30 4631 +146 43.02+0.99 4530+0.88 43.08+1.04 44.84+024 40.72+0.87 45.00+0.93 Aa
Ac Aa Aabc Aa Aabc Aab ABbc
Phosphorus
P)
Cervical 14.13+2.21  6.68 +0.60 1347 +049 959 +2.24 14.08 £+ 1.56 1030 + 13.58 £+ 1.37 1091 + 1.67
Aa Ac Aab Abc Aa 1,96Aabc Aab Aab
Middle 13.56 +2.03 5.17+0.14 1336 +£0.37 9.70 + 1.81 12.37+2.21  9.70 +1.96 13.33 +0.50 9.89 +2.53 Aab
Aa Bb Aa Aab Aa Aab Aa
Apical  13.67+1.73  6.80 +0.57 13.17+ 031  9.98 +1.90 1331 £0.64 9.09 +1.93 1275+ 094 9.89 +2.38
Aa Ac Aab Aabc Aa Abc Aab Aabc
Calcium (Ca)
Cervical 31.56 +3.41 36.62+1.55 2821+092 3305+199 31.00+2.19 31.97+2.08 3228+095 33.63+1.76
Aab Aa Ab Aab Aab Aab Aab Aab
Middle 29.38 +2.67 30.56 +5.68 27.71+0.06 32.69+142 2592+552 3401+244 2935+1.59 31.56+1.16 Aa
Aa Aa Aa Aa Aa Aa Aa
Apical  30.02+2.53 3389+1.62 27.80+127 3132+155 2791+089 3248 +226 29.83+2.68 30.86+2.48
Aab Aa Ab Aab Ab Aab Aab Aab
Magnesium
(Mg)
Cervical 1.28 +0.23 0.79 + 0.04 1.22 +0.27 1.05 +0.14 1.38 +0.21 0.82 + 0.06 1.05 +0.16 1.04 +0.16
Aab Ac Aabc Aabc Aa Abc Aabc Aabc
Middle 1.29 +0.22 091 +£0.18 1.18 £ 0.30 Aa 1.23 +£0.10 1.26 +£0.12 0.88 + 0.09 1.04 +£0.09 0.97 +0.16 Aa
Aa Aa Aa Aa Aa Aa
Apical  1.19+0.22 0.95+0.13 1.17 £ 0.28 Aa 1.09 +0.09 145 +0.12 0.93 +0.32 1.02 +0.16 0.90 + 0.25 Aa
Aa Aa Aa Aa Aa Aa
Sodium (Na)
Cervical 1.73 +0.13 0.87 +0.06 1.26 +0.49 0.88 +0.24 1.38 +£0.12 1.01 £0.17 1.23 +0.26 0.85 +0.03 Ab
Aa Ab Aab Ab Aab Ab Aab
Middle 1.72+0.16 1.43 +1.19 1.30 £ 0.32 Aa 0.90 + 0.06 1.15+0.21 0.84 +£0.14 1.19 £ 0.26 0.74 £ 0.17 Aa
Aa Aa Aa Aa Aa Aa
Apical  1.63 +0.24 0.85+0.11 1.26 +0.29 0.99 +0.18 1.47 +0.16 0.78 + 0.05 1.32 +0.10 0.76 +0.21 Ad
Aa Acd Aabcd Abcd Aab Ad Aabc
Silicon (Si)
Cervical 0.37 = 0.65 0.00 + 0.00 0.00 + 0.00 Aa 0.00 = 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 Aa
Aa Aa Aa Aa Aa Aa
Middle 0.38 + 0.65 0.00 + 0.00 0.00 + 0.00 Aa 0.00 + 0.00 0.16 £ 0.28 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 Aa
Aa Aa Aa Aa Aa Aa
Apical  0.36 + 0.63 0.00 + 0.00 0.00 + 0.00 Aa 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 Aa
Aa Aa Aa Aa Aa Aa
Zinc (Zn)
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Table 4 (continued)

Groups NC PC 1G IG+ CH cC CC+ CH MB MB + CH

Thirds

Cervical 0.00 + 0.00 0.50 + 0.87 0.00 + 0.00 Aa 0.33 +0.57 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.07 £ 0.12 Aa
Aa Aa Aa Aa Aa Aa

Middle  0.00 + 0.00 6.98 +12.08  0.00 + 0.00 Aa 0.00 + 0.00 0.00 = 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 Aa
Aa Aa Aa Aa Aa Aa

Apical  0.00 + 0.00 0.76 + 1.32 0.00 + 0.00 Aa 0.00 + 0.00 0.00 = 0.00 1.01 = 1.74 0.00 + 0.00 0.00 + 0.00 Aa
Aa Aa Aa Aa Aa Aa

Different letters, uppercase in column and lowercase in row, indicate statistically significant differences for each chemical element (P<.05)

NC negative control (root canals irrigated with deionized water), PC positive control (root canals irrigated with deionized water and filled with
calcium hydroxide-based intracanal medication), /G root canals were filled with indocyanine green photosensitizer at 50 mg/L activated by infra-
red Laser (A 808 nm), /G + CH root canals were filled with indocyanine green photosensitizer at 50 mg/L activated by infrared Laser (A 808 nm)
and filled with calcium hydroxide-based intracanal medication, CC root canals were filled with curcumin photosensitizer at 500 mg/L activated
by blue LED light (A 480 nm), CC + CH root canals were filled with curcumin photosensitizer at 500 mg/L activated by blue LED light (A 480
nm) and filled with intracanal calcium hydroxide-based intracanal medication, MB root canals were filled with methylene blue photosensitizer
at 50 mg/L activated by red Laser (A 660nm), MB + CH root canals were filled with methylene blue photosensitizer at 50 mg/L activated by red
Laser (A 660nm) and filled with calcium hydroxide-based intracanal medication

in all groups, except for the CC+ CH group, where score 1
was more prevalent.

Discussion

The application of aPDT using different PSs with intraca-
nal medication elicited significant variations in the push-out
bond strength of GFPs and the chemical composition of int-
raradicular dentin. As a result, the initial hypotheses posited
in this study were invalidated. Furthermore, the differing
depths of root dentin, treated with aPDT and CH intracanal
medication, exerted distinct influences on both the push-out
bond strength and chemical composition of root dentin, lead-
ing to the rejection of the second null hypothesis.

PS-1IG administration resulted in significantly reduced
bond strength in the cervical third. Recent researches sug-
gest that aPDT using PS-IG operates via a distinct mecha-
nism compared to other PSs, involving a photothermal effect
rather than the typical photochemical process [36, 37]. This
effect, combined with PS-IG’s anionic nature, forms associa-
tions with plasma proteins under infrared wavelengths, hin-
dering effective resin cement adhesion to root dentin [26].
Temperature fluctuations from PS-IG photoactivation further
impact dentin’s physical and chemical properties, potentially
leading to reduced adhesion [36]. Ballal et al. noted that
reduced surface calcium decreases adhesive material bond
strength [38]. IG, an anionic compound, can cause dentin
demineralization, exacerbated by temperature increases.
This effect, more pronounced in the calcium-rich cervical
third, was confirmed by EDS analysis showing reduced cal-
cium concentrations in the IG group.

In contrast to previous studies [20, 39], which observed a
decline in bond strength from cervical to apical thirds, this

@ Springer

study found higher push-out bond strengths in the apical
third of the IG group compared to the cervical region. This
disparity was attributed to PS distribution dynamics within
the root canal; the higher PS concentration in the cervical
third precipitates deposition in the middle and apical thirds,
reducing adverse effects on bond strength in these regions
[21, 24, 31].

PS-CC exerted a significant positive impact on GFPs’
bond strength to root dentin across all thirds, regardless of
CH intracanal medication. Previous studies consistently
reported enhanced bond strength values with aPDT using
PS-CC due to its anionic nature, facilitating calcium ion
binding and substrate porosity enhancement for effective
resin cement retention [22, 28]. Investigating the interac-
tion strengths between PSs CC and IG is crucial for under-
standing potential substrate damage and optimizing dentin
properties through hardness and modulus of elasticity tests.
Like PS-IG, PS-CC’s anionic nature binds to calcium ions in
dentin, enhancing porosity and resin cement retention [33].
Investigating PS-CC and PS-IG interactions with dentin is
crucial to understand potential damage. Hardness and elas-
ticity tests could reveal insights into dentin weakening.

CC'’s hydrophobic polyphenolic properties enhance adhe-
sion by repelling moisture [28, 39]. However, research by
Strazzi-Sahyon et al. showed that using PS-CC in two ses-
sions—post-biomechanical preparation and pre-GFP lut-
ing—diminished push-out bond strength values compared
to PS-MB [24].

In this study, no differences in push-out bond strength
were observed between the MB group and IG and CC
groups across all root thirds. However, when combined
with CH intracanal medication, MB exhibited lower bond
strengths in the cervical third compared to PSs associ-
ated with CH. MB’s cationic charge interacts with anionic
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Table 5 Scorf:s of adhesive Parameters  Quality of the dentin/ Formation of tags in intraradicu- Tag penetration depth
mterfgce sealing based on cement adhesive inter- lar dentin
experimental groups and face
intraradicular thirds
Score 0 1 2 0 1 2 3 0 1 2 3
Grups
(Thirds)
NC
Cervical 3 - - Aa - 3 - - Aa - 1 2 - Aa
Middle 2 1 - Aa - 3 - - Aa - - 3 - Aa
Apical - 3 - Aa - 3 - - Aa - - 3 - Aa
PC
Cervical 2 1 - Aa - 2 1 - Aa - - 3 - Aa
Middle 1 2 - Aa - 2 1 - Aa - - 2 1 Aa
Apical - 3 - Aa - 1 2 - Aa - - 3 - Aa
IG
Cervical 3 - - Aa - 2 1 - Aa - 1 2 - Aa
Middle 2 1 - Aa - 2 1 - Aa - - 2 1 Aa
Apical 3 - - Aa - 2 - 1 Aa - 1 1 1 Aa
IG +CH
Cervical 3 - - Aa - 2 1 - Aa - 1 2 - Aa
Middle 2 1 - Aa - 1 2 - Aa - 2 1 - Aa
Apical 3 - - Aa - 1 2 - Aa - 1 2 - Aa
CcC
Cervical 2 1 - Aa - 2 1 - Aa - 1 1 1 Aa
Middle 2 1 - Aa - 1 2 - Aa - - 3 - Aa
Apical 2 1 - Aa - 2 1 - Aa 5 - 3 - Aa
CC+ CH
Cervical 2 1 - Aa - 2 1 - Aa - 2 1 - Aa
Middle 1 2 - Aa - 2 1 - Aa - 2 1 - Aa
Apical 1 2 - Aa - 1 2 - Aa - 3 - - Aa
MB
Cervical 1 2 - Aa - 1 2 - Aa - - 3 - Aa
Middle 1 2 - Aa - - 3 - Aa - - 3 - Aa
Apical 1 2 - Aa - - 3 - Aa - - 3 - Aa
MB + CH
Cervical 1 2 - Aa - 2 1 - Aa - 2 1 - Aa
Middle - 3 - Aa - 1 2 - Aa - 1 2 - Aa
Apical - 3 - Aa - 2 1 - Aa - 1 2 - Aa

Different letters, uppercase in column and lowercase in row, indicate statistically significant differences for
each adhesive interface parameter (P<.05)

NC negative control (root canals irrigated with deionized water), PC positive control (root canals irrigated
with deionized water and filled with calcium hydroxide-based intracanal medication), /G root canals were
filled with indocyanine green photosensitizer at 50 mg/L activated by infrared Laser (A 808 nm), IG +
CH root canals were filled with indocyanine green photosensitizer at 50 mg/L activated by infrared Laser
(A 808 nm) and filled with calcium hydroxide-based intracanal medication, CC root canals were filled with
curcumin photosensitizer at 500 mg/L activated by blue LED light (A 480 nm), CC + CH root canals were
filled with curcumin photosensitizer at 500 mg/L activated by blue LED light (A 480 nm) and filled with
intracanal calcium hydroxide-based intracanal medication, MB root canals were filled with methylene blue
photosensitizer at 50 mg/L activated by red Laser (A 660nm), MB + CH root canals were filled with meth-
ylene blue photosensitizer at 50 mg/L activated by red Laser (A 660nm) and filled with calcium hydroxide-
based intracanal medication
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CERVICAL THIRD

NC PC IG

IG +CH

CC CC+CH MB MB+CH

MIDDLE THIRD
IG+CH

NC PC IG

CC CC+CH MB

NC PC 1G

CC CC+CH MB

Fig.5 Confocal laser scanning micrographs of the adhesive interface sealing according to the experimental groups and intraradicular thirds

under original magnification X5

molecules in hydroxyapatite crystals, potentially altering
the calcium-phosphorus ratio and forming phosphate pre-
cipitates that obstruct resinous material interaction with
root dentin [22, 36]. MB’s hydrophilic nature may also
contribute to increased water absorption within dentin
[31], potentially explaining higher adhesive failure rates
in the MB + CH group.

The study investigated PS impacts in the presence or
absence of CH intracanal medication, highlighting CH’s
role in endodontic therapy for dentin repair and miner-
alized tissue formation [40—42]. Chemical analysis con-
firmed elevated calcium levels in CH-treated groups,
supporting adhesion theories dependent on residual Ca**
presence [38]. Methods like ultrasonic irrigation for
root canal cleaning were considered promising [40, 43],
although their inefficacy in completely removing intraca-
nal medication was demonstrated [44], potentially reduc-
ing resinous tag formation and adhesion effectiveness.

@ Springer

Groups receiving CH medication exhibited reduced
phosphorus levels, significant in hydroxyapatite composi-
tion, potentially disrupting adhesion processes by obstruct-
ing dentinal tubules and altering surface chemistry [35, 38].
EDS and SEM analysis confirmed remnants of CH intracanal
medication, influencing adhesive interface parameters and
hindering resin monomer infiltration into dentinal tubules
[6]. Elevated oxygen levels in CH-treated groups indicated
enhanced antimicrobial activity and reactive oxygen species
production, affecting the chemical environment crucial for
adhesive interactions [45]. Elevated oxygen levels in CH-
treated groups support these findings. Abu Zeid et al. noted
that MTA Fillapex sealers release calcium and silicon [46],
explaining the presence of silicon in the NC group and the
middle third of the CC group.

CLSM examined resin-based cement interactions with
root dentin, evaluating micropermeability and resin mon-
omer infiltration, offering minimal artifact interference
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compared to SEM. Confocal scores and micrographs showed
no significant differences in adhesive interface parameters
[5]. Residual CH medication and tubule penetration depth
measurement methods may have influenced the results [5].

This study’s findings underscore the significant impact of
PS selection on GFPs’ bond strength to intraradicular dentin
during luting procedures, emphasizing the need for personal-
ized treatment strategies in prosthetic restoration of endo-
dontically treated teeth. Overall, the use of laser-activated
500 mg/L curcumin in combination with CH demonstrates
clinical relevance as an effective option for decontaminat-
ing root canals after biomechanical shaping and prior to the
GFPs luting procedure. This approach provides antibacte-
rial efficacy while preserving both the bonding and sealing
integrity of the interface, as well as the chemical composi-
tion of the intraradicular dentin.

This study presents certain limitations, including the chal-
lenges associated with instrumentation in deeper regions of
root canals, uncertainties regarding the complete removal of
intracanal medication containing calcium hydroxide, and the
utilization of teeth with a heterogeneous substrate. Given the
in vitro nature of this research, it cannot precisely replicate
the dynamic oral environment, emphasizing the importance
of carefully assessing the correlation between laboratory
findings and clinical applicability [47-49]. Future investi-
gations should further explore the impact of aPDT on the
adhesion performance of GFPs within root canals, irrespec-
tive of the PS and light source employed. Such studies are
essential for elucidating the potential long-term benefits of
aPDT in endodontic therapy, including the preservation of
dental structures and oral rehabilitation.

Conclusion

Based on the methods and findings of this laboratory study,
the following conclusions can be drawn:

1. Antimicrobial photodynamic therapy with different
photosensitizers, with or without calcium hydroxide,
affected the push-out bond strength of glass-fiber posts
to intraradicular dentin and the chemical composition of
the root substrate;

2. The depth within the root canal influenced both the
push-out bond strength of glass-fiber posts and the
chemical composition of root dentin;

3. Curcumin at 500 mg/L is an effective photosensitizer
for antimicrobial photodynamic therapy under blue
LED light (A=480 nm), yielding favorable outcomes
for push-out bond strength and glass-fiber posts sealing
to intraradicular dentin, while maintaining consistent
chemical composition across root dentin depths.
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