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Abstract
Background: Previous studies have shown that radiotherapy of the head and neck region can cause direct changes 
in dental structure. This study evaluated the effect of different solutions on the dentin chemical composition and 
collagen structure of irradiated dentin.
Material and Methods: Sixty maxillary canines were distributed in 2 groups (n=30): non-irradiated and irradiated 
(radiotherapy: X-rays of 6 MV in 30 cycles of 2 Gy to 60 Gy). The teeth were sectioned, sanded, and polished to 
obtain 3x3x2 mm fragments, which were redistributed in 3 subgroups (n=10) according to the treatment employed: 
chlorhexidine 2% (CL), chitosan 0.2% (QT), and 0.5 M carbodiimide (EDC). The samples were analyzed in FTIR 
at time zero (T0-control) and after 1 (T1), 3 (T3), and 5 (T5) minutes of immersion in the tested solutions. The data 
for the areas of the carbonate (C), amide I (AI) bands, and the ratio between the areas of the amide III/proline and 
hydroxyproline (AIII/PH) bands were analyzed using ANOVA and Tukey test (α=5%).
Results: QT showed lower C values at T1, T3, and T5 (P<0.0001), presenting lower values when compared to 
CL and EDC subgroups (P<0.05). AI values at T3 and T5 were higher than T0-control and T1, independently of 
the radiotherapy and dentin treatment factors (P<0.05). At T0-control, the AIII/PH ratio was lower in the irradi-
ated group (P<0.05), whereas the EDC treatment at T1, T3, and T5 and QT at T3 and T5 increased these values 
(P<0.05), making them similar to non-irradiated subgroups (P>0.05).
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Introduction
Radiotherapy is used for treatment of head and neck 
cancer and can be used as primary therapy, as adjunc-
tive to surgical treatment and chemotherapy, or as pal-
liative treatment in the final and inoperable stages of the 
disease, the treatment mode being determined by tumor 
type, stage, and locality (1,2).
Radiation therapy consists of high energy ionizing ra-
diation that interacts with the cells generating electrons 
that ionize the medium and lead to the rupture of the 
deoxyribonucleic acid (DNA) chains and water hydro-
lysis, promoting the inhibition of cell division in addi-
tion to the production of free radicals that result in the 
destruction of neoplastic tissues (3). Although the radio-
therapy treatment is performed in the most conserva-
tive manner, healthy surrounding tissues such as bone, 
mucosa, teeth, and salivary glands can suffer damage in 
the process (4).
Previous studies have shown that radiotherapy of the 
head and neck region can cause direct changes in den-
tal structure (5), such as changes in the dentin chemical 
composition (6), besides changes in the peptide chains, 
dehydration of the collagen fibers (7), and increased 
expression of metalloproteinases (MMPS) (8). These 
alterations may interfere with tooth-restoration interac-
tion, reducing the bond strength of adhesive systems (9) 
and consequently increasing the susceptibility to failure 
of the restorations (10).
In parallel, studies have shown that the longevity of 
the restorations may be related to the previous treat-
ment of the dentin, which can contribute to the main-
tenance of the stability of the hybrid layer and conse-
quently increase the longevity of the adhesive interface 
(10). Among the solutions that have been used for this 
purpose, chlorhexidine digluconate is a biocompatible 
antimicrobial solution that has the ability to inhibit 
the MMPs, enzymes that degrade the collagen fibrils, 
contributing to the maintenance of the long term bond 
strength values (11). Carbodiimide (1-Ethyl-3- [3-di-
methylaminopropyl]) (EDC) is a nontoxic substance 
that leaves no residue after treatment and which has the 
ability to stimulate the formation of crosslinks, improv-
ing the mechanical properties of dentin collagen while 
inhibiting MMPs (12), thereby preventing the degrada-
tion of adhesive interfaces (13). Similarly, researchers 
have tried to improve the biological and mechanical 
properties of collagen with a reinforcing matrix through 
the use of chitosan, which is a hydrophilic biopolymer 
with a large number of free hydroxyl and amino groups, 

non-toxic, antifungal, antioxidant, anti-inflammatory, 
healing, biocompatible and biodegradable, derived 
from the deacetylation of chitosan obtained from crus-
taceans’ shells (14).
The study of the chemical changes of the dentin sur-
face after different treatments has been performed us-
ing Fourier transform infrared spectroscopy (FTIR) 
(15). FTIR allows the identification and characteriza-
tion of the molecular structures of the organic and in-
organic compounds of the dentin, non-destructively, 
through the absorption spectrum of the sample that 
is generated from the vibrational modes of the mole-
cules, creating parameters of comparison between the 
analyzed areas (15).
The increase in technological innovation and the im-
provements in cancer treatment in the last decades 
have resulted in an increase in the survival rate and 
an improvement in the quality of life of the patients 
affected (16), albeit radiotherapy treatment performed 
in the head and neck region generates side effects in 
the oral cavity, such as the rapid progression caries 
(17), leading to the need for restorative treatments 
which in turn are hampered due to the damage of the 
dental structure (1,9,10). Thus, clinical protocols for 
treatment of irradiated teeth should be studied in order 
to minimize the effects of radiotherapy on the dentin 
chemical composition and dentin collagen structure, 
which directly interfere in the formation of the resto-
rations’ adhesive interface. Thus, the objective of the 
present study was to evaluate the effect of radiothera-
py on collagen structure and dentin chemical compo-
sition, as well as the ability of chorhexidine, chitosan, 
and EDC to minimize this effect.

Material and Methods
Sample size calculation was determined using F-tests 
and ANOVA statistical tests for fixed, special, main ef-
fects and interactions using G*Power software, version 
3.1.9.2 (Heinrich Heine University, Düsseldorf, Ger-
many). The fixed parameters were error type α=0.05, 
statistical power β=0.8, numerator dF=2 and number of 
groups = 6. Based on previous studies, the effect size 
was set to 0.45 (18). The minimum estimated sample 
size was 8.5 specimens per group. A sample size of 10 
specimens (n=10) was chosen for each group.
Sixty maxillary canines, with absence of caries lesions 
and structural anomalies were obtained from the Uni-
versity Human Teeth Biobank, washed in running water 
for 24 hours, and had their external surface cleaned by 

Conclusions: Radiotherapy changes the secondary structure of collagen, and EDC was able to restore collagen integ-
rity after 1 minute of immersion, without changing dentin inorganic composition.
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ultrasonic scraping. The teeth were organized in eppen-
dorf tubes containing artificial saliva (pH 7), renewed 
daily, and stored (37ºC, 100% humidity). The samples 
were randomly assigned to 2 groups (n=30) according 
to the radiotherapy regimen (non-irradiated - control, 
and irradiated), and 3 subgroups (n=10) according to the 
solution used for dentin treatment (chlorhexidine, car-
bodiimide - EDC, and chitosan).
The thirty teeth assigned to receive radiation were 
placed in a plastic support with the long axis perpen-
dicular to the ground. The plastic support was aligned 
equidistant to the center of the beam to ensure uniform 
dose rate (400 UM/min). In order to keep the teeth in 
a humid environment, simulating the characteristics of 
the oral cavity, the plastic support was filled with dis-
tilled water, completely covering all the teeth. Treatment 
was delivered by a computer-assisted linear accelerator 
using 6 MV X-rays (RS 2000, RAD Source Technolo-
gies, Inc., Suwanee, GA, USA). A cumulative radiation 
dose of 60 Gy fractionated in 30 fractions (2 Gy per 
fraction) was delivered in 5 consecutive days per week, 
over 6 weeks. Between the irradiation cycles, the teeth 
were stored in artificial saliva (37ºC, 100% humidity). 
Also, the samples assigned to the non-irradiated group 
had the artificial saliva renewed daily and stored in the 
same conditions.
- Specimens preparation
The teeth were placed in acrylic resin plates and fixed 
with hot glue. The plates were individually mounted 
on the Isomet 1000 low speed saw (Buehler, Lake For-
est, IL, USA) and sectioned with a diamond blade of 
0.5 mm thickness (South Bay Technology, San Clem-
ent, CA, USA) at a constant speed of 300 rpm, under 
refrigeration, in order to obtain intraradicular cervical 
dentin block. Then, the fragments were flattened and 
polished with #1200 grit SiC paper on a rotary polish-
ing machine (APL-4, Arotec S/A Ind. e Comércio, São 
Paulo, SP, Brazil), under abundant cooling, so that the 
surfaces became as parallel as possible. The final di-
mension of the samples was 3 x 3 x 2 mm.
The samples obtained were submitted to an ultrasonic 
bath for 10 minutes, and the surface was treated with 
37% phosphoric acid (Ultradent Products, South Jor-
dan, UT, USA) for 15 seconds and rinsed for 15 sec-
onds. The specimens were individually stored in num-
bered eppendorf tubes containing distilled water at 4ºC.
- Fourier-transform infrared spectroscopy (FTIR) 
analysis
The analysis of the dentin chemical composition and 
dentin collagen structure of all sixty samples was per-
formed using the Fourier Transform Infrared Spectrom-
eter (Agilent 630FTIR Spectrometer, Agilent Technolo-
gies, Santa Clara, CA, USA) with a DTGS detector 
using a diamond attenuated reflection accessory (ATR) 
sample press. To ensure that the FTIR analyses were 

always done at the same point, a high-speed spherical 
drill was used to mark the surface of the specimens.
Initially, the system was calibrated according to the 
manufacturer's instructions and the samples were po-
sitioned with the face to be analyzed facing the crystal 
and held in position by the press. Three FTIR spectra 
of each sample were obtained with 0.5 cm-1 resolution, 
with 50 scans in the range of 4000–650 cm-1, and were 
recorded using the Microlab PC Software. The infrared 
bands considered for this study were: 850 cm-1 (carbon-
ate), 960 cm-1 (phosphate), 1630 cm-1 (amide I), 1240 
cm-1 (amide III), and 1450 cm-1 (proline and hydroxy-
proline). The bands were normalized by the phosphate 
band, and the areas of the other bands were calculated 
using the Microcal Origin 6 (Microcal Origin Soft-
ware, MA 01060, Northampton, USA) for comparison 
between groups. To evaluate the integrity of the colla-
gen triple helix, the peak absorbance ratios of 1240 cm-

1/1450 cm-1 were considered (15,19).
The analyses were performed in all the samples at four 
different moments: T0 - control, without immersion in 
any solution; T1 - after one minute of immersion; T3 - 
after 3 minutes of immersion; and T5 - after 5 minutes 
of immersion, wherein in each moment the analysis was 
repeated 3 times in the same point, and the average of 
the calculated areas was considered.
- Dentin Treatments
Ten samples (n=10) from each group (non-irradiated and 
irradiated) were randomly submitted to the treatment 
with one of the following solutions: 2% chlorhexidine 
digluconate solution; 0.2% chitosan acetic acid solu-
tion (Acros Organics, Geel, Belgium); or 0.5 M aqueous 
solution of carbodiimide (1-ethyl-3- (3-dimethylami-
nopropyl) carbodiimide hydrochloride - EDC (Proteo-
Chem, Denver, USA).
The specimens were immersed on the test solution and 
then submerged in distilled water for 30 seconds to re-
move the irrigation solutions. The specimens were gen-
tly dried on absorbent paper and immediately evaluated 
by FTIR. This procedure was repeated to obtain data 
of 1 (T1), 3 (T3), and 5 (T5) minutes of immersion. The 
solutions were renewed before each immersion period 
to simulate clinical conditions and to prevent saturation. 
All test procedures were performed at room tempera-
ture (25°C).
- Statistical Analysis
The data of the band area related to carbonate, amide 
I, and the ratio between the areas of amide III / pro-
line and hydroxyproline peaks (integrity of the colla-
gen triple helix) were examined for normal distribution 
(Shapiro–Wilk test, P>0.05) and homogeneity of vari-
ance (Levene’s test, P>0.05). The data were analyzed by 
two-way ANOVA in a split-plot arrangement with the 
plot represented by radiotherapy (non-irradiated and ir-
radiated) and dentin treatment (chlorhexidine, carbodi-
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imide – EDC, and chitosan); and the subplot represented 
by the application time (T0 – control, T1 – 1 minute, 
T3 – 3 minutes, and T5 – 5 minutes). Pairwise multiple 
comparison procedures were performed using Tukey’s 
test. All tests were performed using the Sigmaplot 11.0 
software package (Systat Software Inc., San Jose, CA, 
USA), with the significance level set at α=0.05.

Results
- Evaluation of the carbonate band areas 
ANOVA results for carbonate band areas showed statis-
tical differences between dentin treatments (P<0.0001) 
and between application times (P<0.0001), as well as in 
the interactions between dentin treatment and applica-
tion time (P<0.0001); and no differences between radio-
therapy factors (non-irradiated and irradiated). 
For chlorhexidine and EDC there was no difference 
between the application times (P>0.05), however chito-
san reduced the carbonate bands area at T1 (P<0.0001), 
which presented intermediate values, while T3 and T5 
showed the lowest values (P<0.0001; Table 1). Also, 
when comparing the treatments, chitosan had lower 
carbonate values then chlorhexidine and EDC at T1, T3, 
and T5 (P<0.05; Table 1).
- Evaluation of the amide I band areas 
ANOVA results for amide band areas showed statisti-
cal differences between application times (P<0.0001), 
independent of the radiotherapy and dentin treatment 
factors, wherein T3 and T5 had higher amide I values 

than T0 (control) and T1 (P<0.05; Table 2).
- Evaluation of the ratio between the areas of amide III 
/ proline and hydroxyproline peaks 
ANOVA results for the ratio values between the areas 
bands of amide III / proline and hydroxyproline showed 
statistical differences between radiotherapy factors 
(P<0.0001), between dentin treatments (P=0.0377), 
and in the interactions between radiotherapy and den-
tin treatment (P<0.0001), radiotherapy and applica-
tion times (P<0.0001), and between the three factors, 
radiotherapy, dentin treatments, and application times 
(P<0.0001).
At T0 (control), the amide III / proline and hydroxy-
proline ratio was reduced by the radiotherapy protocol 
(P<0.05). However, the application of EDC at T1, T3, 
and T5 as well as the application of chitosan in T3 and 
T5, increased the amide III / proline and hydroxyplo-
line ratio in irradiated teeth (P<0.05), wherein these 
values were similar to non-irradiated teeth (P>0.05). 
The application of chlorhexidine to non-irradiated teeth 
did not alter the amide III / proline and hydroxyproline 
ratios. However, the application of chlorhexidine in ir-
radiated teeth increased the amide III / proline and hy-
droxyproline ratio in T5 when compared to T0 (control) 
and T1 (P>0.05), and in T3 presented intermediate val-
ues, sometimes similar to T0 (control) and T1, or similar 
to T5; however, T1, T3, and T5 values were significantly 
different between non-irradiated and irradiated teeth 
for the same treatment and application time (Table 3).

Application time
Dentin treatment

Chlorhexidine EDC Chitosan
T0 1.01 (0.40)Aa 1.12 (0.28)Aa 1.08 (0.31)Aa
T1 1.04 (0.38)Aa 1.03 (0.42)Aa 0.80 (0.42)Bb
T3 1.05 (0.42)Aa 1.02 (0.38)Aa 0.35 (0.14)Bc
T5 1.05 (0.41)Aa 1.05 (0.43)Aa 0.26 (0.10)Bc

Different UPPERCASE letters indicate difference in lines (between different treatments) and lowercase 
letters indicate difference in columns (between different application times) to Tukey test (P<0.05).

Table 1: Mean (standard deviation) of the area of the carbonate bands for the different treatments in the 
different experimental times.

Application 
time 

Dentin Treatment
Pooled AverageNon irradiated Irradiated

Chlorhexidine EDC Chitosan Chlorhexidine EDC Chitosan
T0 54.15 (6.37) 53.81 (4.87) 55.38 (5.95) 54.67 (9.58) 55.31 (8.34) 54.54 (4.94) 54.64 (6.62)a
T1 56.70 (6.45) 55.05 (7.12) 58.52 (7.68) 56.87 (8.58) 58.69 (8.42) 57.20 (7.78) 57.17 (7.48)a
T3 62.83 (6.05) 65.16 (18.73) 64.76 (8.78) 61.44 (5.92) 62.28 (10.90) 63.09 (9.76) 63.26 (10.52)b
T5 62.08 (8.42) 63.45 (17.45) 63.46 (15.17) 62.48 (7.86) 64.18 (17.90) 58.67 (8.05) 62.39 (12.80)b

Different letters indicate statistical difference between the different application times in Tukey test (P<0.05).

Table 2: Mean (standard deviation) of the area of the amide I bands for the different treatments at the different experimental times.
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Discussion
The dentin tissue is composed of approximately 70% 
by weight inorganic content, 20% organic content and 
10% water (20). The inorganic phase of dentin consists 
of carbonate and phosphate, which form the hydroxy-
apatite, whereas the organic phase consists of 90% in 
type I collagen fibers and 10% of non-collagenous ma-
trix proteins, wherein these two phases are strongly 
bound by the water molecules (20). In the present study, 
FTIR analysis was performed to identify changes in the 
chemical composition of dentin and collagen structure 
through the evaluation of carbonate, amide I, amide III, 
and proline and hydroxyproline bands.
Considering the FTIR analysis, the amide band I (1630 
cm-1) is one of the main absorption bands of the colla-
gen peptide group, and represents the stretches between 
C=O, with little contribution of N-H deformation, and 
thus, the decrease in the area of the amide band I is re-
lated to the damage to the primary structure of the col-
lagen fibers (21). Moreover, for type I collagen fibrils, 
the integrity of its secondary structure can be verified 
when the ratio of amide III to proline and hydroxypro-
line (1450 cm-1) is greater than or equal to 1 (15), once 
amide III (1240 cm-1) is related to the C-N and N-H 
stretch (15) and that less amount or lack of hydroxy-
proline causes the collagen to lose the triple helix con-
formation. Furthermore, the carbonate area bands (850 
cm-1) were used to evaluate the inorganic composition 
in dentin.
Thus, considering the results of the present study, it can 
be affirmed that the radiotherapy caused direct damage 
to the collagen secondary structure, specifically, in the 
connections between the peptide chains (22), since it 
caused the loss of the triple helix conformation, while 
causing no changes in the primary structure of the col-
lagen nor in its inorganic portion. Radiotherapy X-rays 
act in the presence of water through the formation of 
free radicals of hydrogen and hydrogen peroxide (23), 
capable of acting as a strong oxidant, causing denatur-
ation and fragmentation of the dentin collagen fibers 

network (24), besides activating metalloproteinases (8). 
This alteration of the collagen secondary structure may 
explain changes in its physical and mechanical proper-
ties observed in other studies, such as increased solu-
bility (25), decrease in microhardness (7) and tensile 
strength (1), besides compromising the integrity of the 
hybrid layer (2,7) and the bond strength of the adhesive 
interfaces (7,9).
Although the chlorhexidine is able to preserve the hy-
brid layer, maintaining the structure and stabilizing the 
collagen fiber network (11), in the present study this so-
lution was not able to restore the integrity of the triple 
collagen helix in the irradiated teeth, since even after 5 
minutes of immersion (T5) the irradiated teeth contin-
ued with the ratio amide III / proline and hydroxyapo-
line similar to the control (T0). The amide I values in-
creased after 3 and 5 minutes of immersion, both in the 
irradiated group and in the non-irradiated group, which 
is probably related to the action of chlorhexidine, which 
inhibits the action of MMPs, through electrostatic at-
tachment to collagen (11), helping to maintain its pri-
mary structure. However, its use after damage to sec-
ondary collagen structure has already been caused by 
radiation therapy does not reverse the damage. Soares, 
et al. [2011] (2), found that the use of mouthwashes with 
chlorhexidine 0.12%, during the radiotherapy treat-
ment, only partially restored the damages to the dentin 
mechanical properties.
In the present study, chitosan progressively reduced the 
carbonate values from the first minute of immersion, 
indicating a loss of the inorganic phase of the dentin, 
which can be attributed to its chelating characteristic 
(14,26). Simultaneously with chitosan’s demineralizing 
effect on the dentin surface, it has the ability to bind 
with collagen fibrils by means of electrostatic attraction, 
involving them, which increases the collagen resistance 
(27). According to Persadmehr et al. [2014] (27), the af-
finity between chitosan and collagenase causes a pro-
tection of collagen fibrils by blocking access to MMPs 
and hampering their actions. Thus, in the present study, 

Application 
time

Dentin Treatment
Non irradiated Irradiated

Chlorhexidine EDC Chitosan Chlorhexidine EDC Chitosan

T0 1.44 (0.08)*Aa 1.48 (0.19)*Aa 1.39 (0.19)*Aa 0.69 (0.18)*Aa 0.65 (0.10)*Ab 0.65 (0.10)*Ab
T1 1.36 (0.09)*Aa 1.12 (0.33)Bb 1.30 (0.19)*Aa 0.69 (0.12)*Ba 1.05 (0.11)Aa 0.72 (0.11)*Bb
T3 1.33 (0.26)*Aa 1.06 (0.14)Bb 1.04 (0.14)Bb 0.77 (0.13)*Ba 1.13 (0.19)Aa 1.06 (0.18)Aa
T5 1.31 (0.10)*Aa 1.08 (0.14)Bb 1.03 (0.18)Bb 0.89 (0.17)*Ba 1.20 (0.31)Aa 1.03 (0.20)ABa

Different UPPERCASE letters indicate difference in lines (between different treatments) for each radiotherapy condition; lower-
case letters indicate difference in columns (between different times) for each treatment; *indicates significant difference between 
non-irradiated and irradiated teeth for the same treatment and application time at the Tukey test (P<0.05).

Table 3: Mean (standard deviation) of the ratio between the area of the amide III / proline and hydroxyproline bands (collagen triple helix integ-
rity) for the different dentin treatments in the different application times.
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chitosan restored the integrity of the irradiated dentin 
collagen after 3 (T3) and 5 (T5) minutes of immersion, 
and, similarly to chlorhexidine, also increased amide I 
values in irradiated and non-irradiated groups.
Regarding EDC dentin treatment, the FTIR analysis 
verified that after 1 minute (T1), the integrity of the 
triple helix of the collagen of the irradiated group was 
restored, and was maintained after 3 (T3) and 5 (T5) 
minutes of treatment. EDC is able to aggregate amino 
acids into peptides, being a non-specific cross-linker of 
unique ability to activate the carboxyl group of the glu-
tamic and aspartic acids present in the protein chains 
(28), which results in cross-links without residual reac-
tive groups (13). Thus, its ability to stimulate the for-
mation of cross-links (13) allowed a rapid restructuring 
of the secondary structure of the collagen damaged by 
the radiotherapy. In addition, as well as chlorhexidine 
and chitosan, its ability to inhibit MMPs (12,29) also 
resulted in an increase in amide I values in both irradi-
ated and non-irradiated groups.
The present in vitro study showed that the radiotherapy 
alters the secondary structure of collagen. In addition, 
among the three solutions tested, the use of EDC is a 
promising alternative for the treatment of dentin in post-
head and neck radiotherapy patients, once it was able to 
restore collagen integrity after 1 minute of immersion, 
without changing the inorganic composition, which is 
an advantage over chitosan. Further studies should be 
conducted to evaluate the advantages of these solutions 
regarding bond strength and longevity of the adhesive 
interfaces of irradiated teeth in order to establish an op-
timal restorative protocol for these patients.

References
1. Soares CJ, Castro CG, Neiva NA, Soares PV, Santos-Filho PCF, 
Naves LZ, et al. Effect of Gamma Irradiation on Ultimate Tensile 
Strength of Enamel and Dentin. J Dent Res. 2010;89:159-64.
2. Soares CJ, Neiva NA, Soares PB. Effects of chlorhexidine and 
fluoride on irradiated enamel and dentin. J Dent Res. 2011;9:659-64.
3. Chaachouay H, Ohneseit P, Toulany M, Kehlbach R, Multhoff G, 
Rodemann HP. Autophagy contributes to resistance of tumor cells to 
ionizing radiation. Radiother Oncol. 2011;99:287-92.
4. Brody S, Omer O, McLoughlin J, Stassen L. The dentist’s role 
within the multi-disciplinary team maintaining quality of life for 
oral cancer patients in light of recent advances in radiotherapy. J Ir 
Dent Assoc. 2013;59:137-46.
5. Gupta N, Pal M, Rawat S, Grewal S, Garg H, Chauhan D, et al. 
Radiation-induced dental caries, prevention and treatment - A sys-
tematic review. Natl J Maxillofac Surg. 2015;6:160-6.
6. Velo MMAC, Farha ALH, da Silva Santos PS, Shiota A, Sansavino 
SZ, Souza AT, et al. Radiotherapy alters the composition, structural 
and mechanical properties of root dentin in vitro. Clin Oral Investig. 
2018;22:2871-8.
7. Gonçalves LMN, Palma-Dibb RG, Paula-Silva FW, Oliveira HF, 
Nelson-Filho P, Silva LA, et al. Radiation therapy alters microhard-
ness and microstructure of enamel and dentin of permanent human 
teeth. J Dent. 2014;42:986-92.
8. McGuire JD, Mousa AA, Zhang BJ, Todoki LS, Huffman NT, 
Chandrababu KB, et al. Extracts of irradiated mature human tooth 
crowns contain MMP-20 protein and activity. J Dent. 2014;42:626-35.

9. Aggarwal V. An in vitro evaluation of effect of ionizing radio-
therapy on push-out strength of fiber posts under cyclic loading. J 
Endod. 2009;35:695-8.
10. Madrid Troconis CC, Santos-Silva AR, Brandão TB, Lopes MA, 
de Goes MF. Impact of head and neck radiotherapy on the mechani-
cal behavior of composite resins and adhesive systems: A systematic 
review. Dent Mater. 2017;33:1229-43.
11. Hebling J, Pashley DH, Tjäderhane L, Tay FR. Chlorhexidine ar-
rests subclinical degradation of dentin hybrid layers in vivo. J Dent 
Res. 2005;84:741-6. 
12. Scheffel DL, Hebling J, Scheffel RH, Agee K, Turco G, de Souza 
Costa CA, et al. Inactivation of matrix-bound matrix metallopro-
teinases by cross-linking agents in acid-etched dentin. Oper Dent. 
2014;39:152-8.
13. Scheffel DL, Delgado CC, Soares DG, Basso FG, de Souza Costa 
CA, Pashley DH, et al. Increased Durability of Resin-Dentin Bonds 
Following Cross-Linking Treatment. Oper Dent. 2015;40:533-9.
14. Shrestha A, Friedman S, Kishen A. Photodynamically cross-
linked and chitosan-incorporated dentin collagen. J Dent Res. 
2011;90:1346-51.
15. Botta SB, Ana PA, Santos MO, Zezell DM, Matos AB. Effect 
of dental tissue conditioners and matrix metalloproteinase inhibi-
tors on type I collagen microstructure analyzed by Fourier trans-
form infrared spectroscopy. J Biomed Mater Res B Appl Biomater. 
2012;100:1009-16.
16. Mazzola R, Fiorentino A, Ricchetti F, Gregucci F, Corradini S, 
Alongi F. An update on radiation therapy in head and neck cancers. 
Expert Rev Anticancer Ther. 2018;18:359-64.
17. Jham BC, Reis PM, Miranda EL, Lopes RC, Carvalho AL, 
Scheper MA, et al. Oral health status of 207 head and neck cancer 
patients before, during and after radiotherapy. Clin Oral Investig. 
2008;12:19-24.
18. Tartari T, Bachmann L, Maliza AG, Andrade FB, Duarte MA, 
Bramante CM. Tissue dissolution and modifications in dentin com-
position by different sodium hypochlorite concentrations. J Appl 
Oral Sci. 2016;24:291-8.
19. George A, Veis A. FTIRS in water demonstrates that collagen 
monomers undergo a conformational transition prior to thermal self-
assembly in vitro. Biochemistry. 1991;30:2372–7.
20. Embery G, Hall R, Waddington R, Septier D, Goldberg M. Proteo-
glycans in dentinogenesis. Crit Rev Oral Biol Med. 2001;12:331-49.
21. Xu C, Wang Y. Collagen cross linking increases its biodegrada-
tion resistance in wet dentin bonding. J Adhes Dent. 2012;14:11-8. 
22. Gelse K, Poschl E, Aigner T. Collagens-structure, function, and 
biosynthesis. Adv Drug Deliv Rev. 2003;55:1531-46.
23. Fisher BV, Morgan RE, Phillips GO, Wardale HW. Radiation 
damage in calcium phosphates and collagen: an interpretation of 
ESR spectra. Radiat Res. 1971;46:229-35.
24. Pioch T, Golfels D, Staehle HJ. An experimental study of the sta-
bility of irradiated teeth in the region of the dentinoenamel junction. 
Endod Dent Traumatol. 1992;8:241-4.
25. Markitziu A, Gedalia I, Rajstein J, Grajover R, Yarshanski O, 
Weshler Z. In vitro irradiation effects on hardness and solubility of 
human enamel and dentin pretreated with fluoride. Clin Prev Dent. 
1986;8:4-7.
26. Nikhil, V, Jaiswal S, Bansal P, Arora R, Raj S, Malhotra P. Effect 
of phytic acid, ethylenediaminetetraacetic acid, and chitosan solu-
tions on microhardness of the human radicular dentin. J Conserv 
Dent. 2016;19:179-83.
27. Persadmehr A, Torneck CD, Cvitkovitch DG, Pinto V, Talior 
I, Kazembe M, et al. Bioactive chitosan nanoparticles and pho-
todynamic therapy inhibit collagen degradation in vitro. J Endod. 
2014;40:703-9.
28. Zeeman R, Dijkstra PJ, Van Wachem PB, Van Luyn MJ, Hendriks 
M, Cahalan PT, et al. Successive epoxy and carbodiimide cross-link-
ing of dermal sheep collagen. Biomaterials. 1999;20:921–31.
29. Tezvergil-Mutluay A, Mutluay M¬M, Agee KA, Seseogullari-Diri-
han R, Hoshika T, Cadenaro M, et al. Carbodiimide cross-linking inacti-
vates soluble and matrix-bound MMPs, in vitro. J Dent Res. 2012;91:192-6.



e494

Med Oral Patol Oral Cir Bucal. 2020 Jul 1;25 (4):e488-94. Effect of different solutions on irradiated dentin

Funding
None declared.

Conflicts of interest
The authors declare that there is no conflict of interest regarding the 
publication of this article. We have full control of all primary data 
and agree to allow the journal to review the data if requested.

Ethics
This study was approved by the local ethics committee 
(#60934516.7.0000.5419).


