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Effect of different approaches 
of direct radiation on the surface 
structure and caries susceptibility 
of enamel
Rui‑huan Gan 1,2,5, Li‑qing Lan 1,2,5, Dan‑ni Sun 3, Fan Tang 4, Gang Niu 1, Da‑li Zheng 1, 
Bin Wang 3* & You‑guang Lu 1,2*

It is not clear whether different radiation methods have different effects on enamel. The purpose 
of this study was to compare the effects of single and fractionated radiation on enamel and caries 
susceptibility and to provide an experimental basis for further study of radiation‑related caries. 
Thirty-six caries-free human third molars were collected and randomly divided into three groups 
(n = 12). Group1 (control group) was not exposed to radiation. Group 2 received single radiation with 
a cumulative dose of 70 Gy. Group 3 underwent fractionated radiation, receiving 2 Gy/day for 5 days 
followed by a 2-day rest period, for a total of 7 weeks with a cumulative dose of 70 Gy. Changes in 
microhardness, roughness, surface morphology, bacterial adhesion and ability of acid resistance 
of each group were tested. Scanning electron microscope revealed that the enamel surface in both 
radiation groups exhibited unevenness and cracks. Compared with the control group, microhardness 
and acid resistance of enamel decreased, while roughness and bacterial adhesion increased in both 
the single radiation and fractionated radiation groups. Compared with the single radiation group, the 
enamel surface microhardness and acid resistance decreased in the fractionated radiation group, while 
roughness and bacterial adhesion increased. Both single radiation and fractionated radiation resulting 
in changes in the physical and biological properties of enamel, with these changes being more 
pronounced in the fractionated radiation group. Therefore, fractionated radiation is recommended as 
a more suitable method for constructing a radiation‑related caries model in vitro.
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Cancer ranks among the leading causes of death worldwide, second only to heart disease1. Among them, head and 
neck cancer (HNC) stands as the seventh most common cancer globally2,3, with approximately 900,000 new cases 
and over 480,000 deaths reported in 2022 (source: https://​gco.​iarc.​fr/​today/​en). Furthermore, both its incidence 
and mortality rates are steadily rising, with a projected 30% increase by 2030, and HPV-associated oral cancers 
continue to rise at a rate of 2% per year1,4. Squamous cell carcinoma accounts for 90% of cases of head and neck 
cancer, profoundly impacting patients’ quality of life5. Risk factors include smoking, alcohol consumption, betel 
chewing, and human papillomavirus infection2,5. Currently, although numerous new therapeutic strategies exist, 
the primary treatment for head and neck cancer generally involves multi-disciplinary team (MDT) therapy, which 
encompasses surgery, radiotherapy (RT), and chemotherapy6,7. Despite advancements in treatment modalities, 
the global 5-year survival rate for HNC averages at 50%2,8,9. Generally, early-stage HNSCC can be effectively 
managed through surgical intervention or radiotherapy, with 5-year survival rates ranging from 70 to 90%10.

It is evident that radiotherapy plays an indispensable role in the treatment of head and neck cancer. Although 
the concept of precision radiation therapy has emerged in recent years11, and intensity-modulated radiation ther‑
apy (IMRT) can mitigate the risk of radiation exposure to surrounding tissues to some extent12, radiotherapy can 
still lead to various complications in patients. These complications include, but are not limited to, oral symptoms 
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such as dry mouth, caries, jaw damage, hearing impairment, and vision impairment13. Oral complications arising 
from radiotherapy for head and neck cancer have garnered significant attention due to their profound impact 
on patients’ daily lives, ranging from reduced salivary secretion in the early stages to the late-stage development 
of radiation-related caries (RRC)13–15.

Radiation-related caries is well-documented as one of the most common complications, affecting approxi‑
mately 29–37% of post-radiotherapy head and neck cancer patients, with its incidence tending to increase with 
the dose of radiotherapy16–18. RRC manifests as a serious, rapid, and progressive destruction of the hard tissue 
of the tooth following radiation therapy. In comparison to conventional caries, it exhibits characteristics of 
rapid progression, wide accumulation range, and concentration in the tooth cervical areas and the dental cusp19. 
Furthermore, the development of radiation-related caries poses challenges in clinical treatment due to patients’ 
diminished physical condition post-radiotherapy, reduced oral saliva, and the high cost of treatment20. Moreover, 
research on RRC is hindered by the difficulty of obtaining dental specimens and the lack of an in vitro model. 
Therefore, the objective of this study is to assess the effects of different radiation approaches on enamel structure 
and caries susceptibility, aiming to establish a reference model of RRC in vitro. This may serve as a foundation 
for further research on the prevention and management of RRC.

Methods
Tooth collection and sample preparation
The extracted tooth samples were obtained from third molars scheduled for removal for preventive reasons at the 
School and Hospital of Stomatology, Fujian Medical University. Patients aged between 18 and 25 years provided 
informed consent for the use of their extracted teeth. Exclusion criteria comprised teeth with immature roots, 
caries, those subjected to root canal treatment, restorations and visible chalky demineralization of enamel, and 
cracks observed under a stereomicroscope (10×) (ZEISS; Stemi508; Carl Zeiss AG; Oberkochen; GER).

All procedures performed in studies involving human participants were in accordance with the ethical stand‑
ards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later 
amendments or comparable ethical standards. This study received approval from the local Ethics Committee 
(Ethics Committee of the School and Hospital of Stomatology, Fujian Medical University, approval number 
2021-FJMUSS-062). Also, written informed consent was obtained from participants.

A total of 36 teeth were collected and cleaned on their outer surfaces before being immersed in normal saline 
(0.9% NaCl; Kelun Co. Ltd.; Chengdu, China) and stored in a refrigerator at 4 °C, for no longer than 1 month 
post-extraction. The samples were randomly allocated into three groups (n = 12): Group 1 (control group), Group 
2 (single radiation 70 Gy group), and Group 3 (fractionated radiation 70 Gy group).

Sample size calculation
The sample size for the study was calculated using G*Power 3.1.9.7 (University of Düsseldorf, GER), based on 
an a priori analysis of variance (ANOVA) for fixed effects, omnibus, one-way design. The calculation aimed to 
detect a large effect size (f = 0.65) with an alpha level of 0.05 and a power of 85%. This effect size was derived 
from previous studies21, which quantified the impact of radiation on dentin microhardness, indicating significant 
decreases in microhardness compared to control. The analysis indicated that a total sample size of 30 was required 
to achieve these parameters, assuming equal distribution across the three groups. Considering potential sample 
loss and to ensure a robust analysis, a total of 36 samples (12 per group) were ultimately collected.

Radiation model of isolated teeth
Following fixation of the isolated tooth with silicone rubber (3M Deutschlan GmbH; MDSA-V02; Neuss; GER), 
the buccal side of the tooth was positioned upward, and normal saline was applied to soak approximately 1 cm 
above the tooth surface to simulate the moist oral environment (shown in Fig. 1). The tooth samples were directly 
exposed to radiation using a linear accelerator (Varian Clinac 23EX; Clina; California; USA) to replicate clinical 
therapy for head-and-neck cancer patients.

Radiation approaches: In the single radiation group, a radiation dose of 70 Gy was administered. In the 
fractionated radiation group, a dose of 2 Gy/day was continuously delivered for 5 days, followed by a 2-day rest 
period, for a total of 7 weeks. The cumulative radiation dose reached 70 Gy.

Scanning electron microscopy (SEM)
Teeth were sectioned with a water cooled diamond disc (Buehler; IsoMet low speed; Buehler An ITW Company; 
Chicago; USA) to obtain specimens sized 4 mm × 3 mm × 2 mm. Following ultrasonic cleaning (Supmile; KQ-
500DE; Kunshan Jiang, China) for 20 min, the samples were sequentially dehydrated using ethanol gradients 
of 30%, 50%, 70%, 80%, 90%, and 100%, and subsequently gold-coated using an ion sputtering coater (Gevee; 
GVC-1000; Beijing KYKY Co. Ltd.; Beijing, China) after air drying. Surface morphology of the specimens was 
examined using scanning electron microscopy (Quanta 250; FEI; Hillsboro; USA).

Roughness detection
The isolated teeth of each group underwent ultrasonic cleaning with deionized water for 20 min. Following dry‑
ing, a roughness meter (Kosaka; EF680; Kosaka Laboratory Ltd.; Tokyo; JPN) was utilized to assess the surface 
roughness of each group. The cut-off value is 0.8 mm, the evaluation length is 3.2 mm, and the measurement 
speed is 0.1 mm/s. Three positions were randomly measured for each sample, and the average value was recorded 
as the roughness value of the sample.



3

Vol.:(0123456789)

Scientific Reports |        (2024) 14:20183  | https://doi.org/10.1038/s41598-024-71277-7

www.nature.com/scientificreports/

Surface microhardness test
Teeth were sectioned along the buccal and lingual aspects using a water cooled diamond disc, fixed with acrylic 
resin (New century; Shanghai New century Dental Materials Co. Ltd.; Shanghai, China), and the microhardness 
of enamel on the buccal or lingual sides, dentin at the dentin–enamel junction, and dentin at the cemento-enamel 
junction was measured post-ultrasonic swaging. The microhardness tester (Buehler; VH1202; Buehler An ITW 
Company; Chicago; USA) was set with a test force of 200 gf, a loading time of 15 s, and diamond indentation 
was observed under 600× magnification, adjusted to the center of the field of view. The surface of the sample was 
clearly imprinted, and the diagonal length of the diamond (d1, d2) was measured using a measuring instrument. 
The Vickers microhardness value (HV) of each sample was automatically calculated by the instrument. Three 
points were measured for each sample, approximately 200 μm apart, and the average HV value was recorded as 
the Surface Microhardness (SMH) value of the sample.

Bacterial culture
Streptococcus. Mutans (S. Mutans) ATCC 25175 strains were cultured on Brain–Heart Infusion (BHI; OXOID; 
CM1135B; Thermo Fisher; Hampshire; UK) agar (Biofroxx; 8211GR500; NeoFroxx; GER) and incubated at 37 °C 
in CO2 incubator (Jing Hong; DNP-9082; Shanghai Jing Hong Laboratory Instrument Co. Ltd.; Shanghai, China).

Specimen preparation
Teeth were sectioned using a water cooled diamond disc to obtain specimens sized 4 mm × 3 mm × 2 mm. The 
back and sides were coated with silicone rubber (3M Deutschlan GmbH; MDSA-V02; Neuss; GER), leaving only 
the radiated side exposed. After ultrasonic washing (Supmile; KQ-500DE; Kunshan Jiang, China), ethylene oxide 
sterilization (SAN QIANG MEDICAL; SQ-H40; Henan, China) was performed, and specimens were stored 
in sterile normal saline. Sterilized dental blocks were placed into 24-well plates (Corning; DWG01261; New 
York; USA) with one block per well, radiated side facing up. Diluted S. mutans solution (1 × 106 CFU/mL) was 
inoculated into the wells at 1 mL per well and incubated in a constant temperature incubator at 37 °C for 48 h.

Adhesion test
After removal, teeth were gently washed three times with PBS buffer (Beijing Dingguo Changsheng Biotechnol‑
ogy Co. Ltd.; Beijing, China). Each tooth was placed in a 1.5 mL centrifuge tube (Axygen; MCT-150-C; New 
York; USA), one sample per tube, and 200 μL PBS was added to each tube. Teeth were vortex-shaken for 2 min 
with Vortex oscillator (Maxi Mix; Thermo Fisher Scientific; Massachusetts; USA). The bacterial suspension in the 
centrifuge tube was diluted to 10−4 using the double dilution method. Twenty microliters of the diluted solution 
were inoculated onto BHI (OXOID; CM1135B; Thermo Fisher; Hampshire; UK) agar (Biofroxx; 8211GR500; 
NeoFroxx; GER) plates and incubated at 37 °C for 48 h. The number of bacterial colonies was counted, and the 
concentration of the original bacterial solution was calculated based on the colony count.

Crystal violet staining
After removal, teeth were gently washed three times with PBS buffer. PBS was blotted, and 1 mL of 4% para‑
formaldehyde was added per well for fixation for 15 min. Then, 1 mL of 0.1% crystal violet (Beyotime; C0121; 
Beyotime Biotechnology; Shanghai, China) was added for staining for 15 min. The tooth block was removed from 
the silicone rubber, rinsed with PBS, and dried. Each well received 1 mL of 95% ethanol for decolorization, placed 
on a shaker (MIX-1500; Shenzhen Huinuo Biotechnology Co. Ltd.; Shenzhen, China) for complete dissolution 

Fig. 1.   Schematic diagram of radiation mode of isolated teeth.
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for 30 min, and 200 μL from each well was transferred to a 96-well plate for optical density measurement at a 
wavelength of 595 nm with microcoder (SpectraMax iD3; Molecular Devices; Sunnyvale; USA).

Artificial enamel caries formation
The selected teeth were immersed in demineralizing solution (2.2 mM KH2PO4, 2.2 mM CaCl2, 50 mM acetic 
acid, pH 4.422) at 37 °C for 96 h to produce artificial enamel caries under continuous, incubator shaker (100 rpm; 
MIULAB; ES-60; MIULAB; Hanzhou, China). The tooth surface was painted with 2 layers of acid-resistant nail 
varnish, leaving an enamel-exposed window of only 4 mm × 3 mm. Then the demineralization of tooth surface 
was observed with stereomicroscope (ZEISS; Stemi508; Carl Zeiss AG; Oberkochen; GER), and test Vickers 
microhardness value (HV) calculate △SMH% = (SMH0 − SMH1)/SMH0 * 100%.

Detection of demineralization by confocal microscopy
The dental plates were stained with 0.1 mmol/L Rhodamine B (Macklin; R817226; Shanghai Macklin Biochemi‑
cal Technology Co. Ltd.; Shanghai, China) solution, and the fluorescence penetration was observed under laser 
confocal microscopy (Olympus; FV3000; Olympus Corporation; Tokyo; JPN) (the red part represents the dem‑
ineralized penetration area). Keep the shooting conditions of the measured images consistent, image-J software 
(National Institutes of Health; USA) was used to measure the average fluorescence density.

Statistical analysis
Statistical analysis was performed using SPSS 25.0 software (IBM; New York; USA). If the data followed a nor‑
mal distribution and variances were equal, One-way ANOVA was employed for inter-group comparison, with 
the LSD test used for multiple comparisons. If the data did not follow a normal distribution or variances were 
unequal, the non-parametric Kruskal–Wallis H test was used for between-group comparisons. The significance 
level for all tests was set at bilateral α = 0.05.

Results
Different radiation approaches resulted in varying degrees of enamel surface destruction
Upon examination of enamel surfaces using SEM after exposure to different radiation approaches, it was observed 
that the enamel surfaces exhibited damage in the radiated groups compared to the control group (shown in 
Fig. 2). The enamel surfaces appeared smoothest in the control group, while both the single and fractionated 
radiation groups showed surface irregularities characterized by numerous small pits and cracks. In the fraction‑
ated radiation group, the number of pits and cracks was higher compared to the single radiation group, regardless 
of whether they were on the buccal or lingual surfaces.

Radiation induced surface roughness of enamel
The buccal surfaces exhibited increased roughness in both the single and fractionated radiation groups compared 
to the control group. Furthermore, the fractionated radiation group showed a higher mean value of Ra than the 
single radiation group. Following radiation, the Ra value of buccal surfaces of enamel was higher than that of 
lingual surfaces. Significant differences in Ra were observed among the different groups (shown in Fig. 3). These 
findings indicate that radiation induced roughening of buccal surfaces more prominently than lingual surfaces, 
with fractionated radiation resulting in the roughest enamel surfaces on the buccal aspect.

Radiation led to increased enamel cracks compared to the control
SEM observations post-radiation revealed that the enamel surface became more uneven with the appearance 
of small pits and cracks, accompanied by a significant increase in the average Ra value compared to the control 
group. Hence, quantitative data reflecting the degree of enamel surface damage were sought. The length and 
width of cracks on the enamel surface were measured under SEM to quantify the degree of damage. Following 
two different radiation methods, the length of cracks on both buccal and lingual enamel surfaces was significantly 
longer than those in the control group, with statistically significant differences observed. No significant difference 
in enamel crack length was found between the two radiation methods (shown in Fig. 4A).

Comparison of enamel surface crack width revealed that the buccal enamel crack width in the fractionated 
radiation group was significantly wider than that in the single radiation group and the control group, with 
statistically significant differences observed (shown in Fig. 4B). Additionally, the buccal enamel cracks were 
significantly wider than the lingual cracks in the fractionated radiation group. These results underscore the 
damaging effect of radiation on enamel surfaces, with the most significant damage observed in the buccal enamel 
of the fractionated radiation group.

Radiation decreased the microhardness of enamel
Tooth hardness is a crucial indicator of their resistance to external factors. The structural integrity of tooth was 
assessed through microhardness testing using a Vickers indenter at various locations, including enamel, dentin 
in dentin-enamel junction area, and dentin in cemento-enamel junction area. Reduction in microhardness was 
noted in the buccal surfaces of enamel after radiation. Furthermore, the microhardness of buccal enamel in the 
fractionated radiation group was lower than that in the single radiation group. Following radiation, the micro‑
hardness of buccal enamel was lower than that of lingual enamel (shown in Fig. 5A). No significant difference 
in microhardness was observed between dentin in dentin-enamel junction area, and dentin in cemento-enamel 
junction area (shown in Fig. 5B,C). Therefore, radiation significantly decreases the surface microhardness of 
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buccal enamel but has minimal impact on the tooth interior, with the microhardness of buccal enamel being the 
lowest in the fractionated radiation group.

Radiation increased the adhesion of Streptococcus mutans on enamel surfaces
In addition to structural changes such as roughness, microhardness, and acid resistance of enamel, another 
crucial factor contributing to caries development is the adhesion of cariogenic bacteria. Hence, we further 

Fig. 2.   Scanning electron microscopy (SEM) images showing enamel surfaces. (A) Buccal enamel in different 
radiation approaches. (B) Lingual enamel in different radiation approaches.
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investigated whether enamel surface alterations due to radiation affected bacterial adhesion. The adhesion of 
Streptococcus mutans on enamel after radiation was examined.

As depicted in Fig. 6A,B, the adhesion count of S. mutans on buccal enamel after radiation was higher than 
that in the control group, with no significant difference in the adhesion count of S. mutans on lingual enamel 
between the radiation group and the control group. The adhesion count of S. mutans on buccal enamel was higher 
than that on lingual enamel after radiation, with the highest count observed in the fractionated radiation group. 
Additionally, the fractionated radiation group exhibited the greatest number of S. mutans adhesion.

In addition to clonal culture of eluted bacterial solution, we further performed crystal violet staining to detect 
changes in S. mutans adhesion and measure the OD value of the eluent. Consistently, we observed a similar trend: 
the OD value of buccal enamel was highest in the fractionated radiation group, followed by the single radiation 
group. Moreover, the OD value of buccal enamel was higher than that of lingual enamel (shown in Fig. 6C). 
Therefore, we hypothesize that radiation enhances the adhesion ability of S. mutans, with fractionated radiation 
exerting the greatest effect on the adhesion of buccal enamel.

Radiation exposure can decrease the acid resistance of enamel and increase enamel 
demineralization
Apart from factors such as surface roughness, surface hardness, and bacterial adhesion ability, the ability to 
resist acid is also a crucial characteristic affecting susceptibility to dental caries. Hence, following immersion 
of teeth from each group in demineralization solution for 96 h and subsequent observation under a stereomi‑
croscope, it was noted that both the single radiation and fractionated radiation group exhibited larger areas of 
white spots compared to the control group. This trend was particularly evident on the buccal enamel (shown in 
Fig. 7A). Upon staining with Rhodamine B to observe demineralization depth, it was observed that the average 
fluorescence intensity significantly increased post-irradiation, with the fractionated radiation group displaying 
the highest average fluorescence intensity. However, the difference in enamel between buccal and lingual sides 
was not significant (shown in Fig. 7C,D). This suggests that teeth become significantly less resistant to acid after 

Fig. 3.   Bar graph illustrating surface roughness levels of enamel (Ra μm). The superscript lowercase letter 
indicates intra-group comparison, and the capital letter indicates buccal and lingual comparison of the same 
radiation method. Superscripts with different letters (i.e., a–b, b–c, A–B) indicate significant differences between 
groups at P < 0.05.

Fig. 4.   Histogram depicting enamel crack length and width measured under SEM. (A) Histogram of enamel 
crack length (μm). (B) Histogram of enamel crack width (nm). The superscript lowercase letter indicates intra-
group comparison, and the capital letter indicates buccal and lingual comparison of the same radiation method. 
Superscripts with different letters (i.e., a–b, b–c, A–B) indicate significant differences between groups at P < 0.05.
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irradiation, with radiation therapy rendering enamel more susceptible to demineralization under acidic condi‑
tions, a trend more pronounced in the fractionated radiation group. Further comparison of changes in micro‑
hardness reduction rates among the groups revealed that the reduction rate of microhardness on buccal enamel 
post-irradiation was higher than that in the control group, with the fractionated radiation group showing the 
highest enamel reduction rate. While there was no significant difference in the reduction rate of microhardness 
on lingual enamel among the groups, it was lower than the reduction rate of microhardness on the buccal side 
(shown in Fig. 7B).

Discussion
The treatment of head and neck cancer typically involves a combination of surgery, radiotherapy, and chemo‑
therapy. Radiotherapy, being minimally invasive and effective, has become the primary treatment modality for 
most head and neck cancers23,24. Despite advancements in radiotherapy technology, such as the application of 
intensity-modulated radiotherapy in clinical practice, the inherent toxic side effects of radiation on surround‑
ing tissues remain a concern25. Given the anatomical proximity of teeth to the treatment area, direct damage to 
dental hard tissues due to radiation exposure is difficult to avoid.

Fig. 5.   Vickers microhardness in different areas of teeth. (A) Microhardness of enamel. (B) Microhardness of 
dentin in dentin-enamel junction. (C) Microhardness of dentin in cemento-enamel junction. The superscript 
lowercase letter indicates intra-group comparison, and the capital letter indicates buccal and lingual comparison 
of the same radiation method. Superscripts with different letters (i.e., a–b, b–c, A–B) indicate significant 
differences between groups at P < 0.05.
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Fig. 6.   Adhesion ability of Streptococcus mutans changed post-radiation. (A) Representative image of S. 
mutans cloning. (B) Histogram of adhesion values. (C) Histogram of OD values of Crystal violet staining. The 
superscript lowercase letter indicates intra-group comparison, and the capital letter indicates buccal and lingual 
comparison of the same radiation method. Superscripts with different letters (i.e., a–b, b–c, A–B) indicate 
significant differences between groups at P < 0.05.

Fig. 7.   The impact of radiation on enamel acid resistance. (A) Surface demineralization of teeth under 
stereomicroscope (×6.3). (B) Reduction rate of microhardness. (C) Representative micrographs of enamel 
demineralization fluorescence under confocal laser microscope (×40). (D) Bar graph of average fluorescence 
intensity. The superscript lowercase letter indicates intra-group comparison, and the capital letter indicates 
buccal and lingual comparison of the same radiation method. Superscripts with different letters (i.e., a–b, b–c, 
A–B) indicate significant differences between groups at P < 0.05.
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In order to better understand the mechanisms underlying radioactive caries, it is imperative to establish 
in vitro models. Conventional radiotherapy for head and neck cancers typically involves daily fractionated 
doses of 2 Gy, administered five days a week, totaling 64–70 Gy26. Presently, most scholars prefer fractionated 
radiation simulation to closely mimic clinical conditions, with only a few studies employing single radiation 
due to logistical challenges and potential treatment delays27,28. It is still unclear whether the selection of radia‑
tion method in vitro model needs to follow the clinical radiotherapy process and whether a single radiation can 
achieve similar effects. Evidence suggests that enamel microstructure undergoes significant changes at doses of 
30 Gy in single radiation, with increasing doses exacerbating enamel damage29. Similarly, changes were observed 
at doses of 40 Gy in fractionated radiation, with increasing doses leading to aggravated enamel damage and 
the appearance of enamel cracks21,30. The dose of single radiation and fractionated radiation that can affect the 
tooth surface is different. So we hypothesized that a single dose at a relatively low level such as 30 Gy may induce 
tooth surface damage, which becomes more pronounced with cumulative doses in fractionated radiation such as 
40 Gy23,31–33. Sever et al.34 utilized single radiation and fractionated radiation protocols cumulative exposure dose 
reached 70 Gy and demonstrated both protocols could reduce enamel microhardness and increased roughness 
post-radiation. These results were consistent with ours. However, they emphasized that neither protocol caused 
damage to dental hard tissues and did not conduct a horizontal comparison of the two radiation approaches. 
Therefore, it was necessary to investigate the effects of different radiation methods on tooth structure and caries 
susceptibility. Our experiment compared the effects of single and fractionated radiation on dental hard tissues, 
revealing that surface roughness and bacterial adherence were lower with single radiation than with fraction‑
ated radiation. This difference may be attributed to single radiation inducing more pronounced thermal effects, 
melting enamel surfaces and filling some demineralization-induced micropores, thereby reducing roughness 
and bacterial adherence. Additionally, radiation primarily affects the organic portion of enamel, causing organic 
component denaturation35, decreasing the protein-mineral ratio, and relatively increasing mineral content36. The 
effects of single radiation are more pronounced than those of fractionated radiation, resulting in a less significant 
reduction in surface microhardness.

In addition to the radiation method, the amount of radiation dose also has a direct effect on the hard tissue of 
the teeth. Research found that radiation-induced damage to dental hard tissues correlates positively with radia‑
tion dose, with the most significant decrease in enamel mechanical properties observed at doses ranging from 
30 to 50 Gy37. The risk of tooth destruction increases 2–3 times at doses between 30–60 Gy, with doses exceeding 
60 Gy increasing the risk by tenfold, primarily attributed to direct radiation damage to dental tissues36. Studies 
by Deniz et al.38 found that radiation-induced damage to dental tissues becomes apparent only at doses exceed‑
ing 30 Gy, with increasing doses resulting in widening of enamel prism gaps and doses exceeding 40 Gy leading 
to severe loss of tooth mineral volume39. It is speculated that when the accumulated radiation dose surpasses a 
certain threshold such as 60 Gy, tooth damage exacerbates. The radiation dose of the two radiation methods in 
this paper exceeds 60 Gy and reaches 70 Gy, our study demonstrating that both single and fractionated radiation 
induce damage to dental surfaces, with fractionated radiation causing more severe damage. Furthermore, the 
mechanical properties of lingual dental tissues in the radiation group did not exhibit significant decline, possibly 
due to their distance from the radiation source and the protective effect of buccal dental hard tissues, resulting 
in reduced radiation exposure and negligible enamel damage.

It has been observed that radiation can alter the surface microstructure of dental hard tissue, leading to 
a reduction in its microhardness40. Similarly, Kudkuli et al.’s study39 found that tooth enamel microhardness 
decreased post-radiation, accompanied by the presence of micropores and surface roughness. In our experiment, 
scanning electron microscopy of teeth post-radiation revealed uneven surfaces on buccal enamel, characterized 
by honeycomb pores and micro-cracks, accompanied by decreased microhardness and increased roughness, 
consistent with findings from previous studies. Radiation-induced damage to dental hard tissues shares simi‑
larities with the demineralization process41. Following radiation, dental hard tissue surfaces undergo demin‑
eralization and a reduction in mineral content, which correlates with alterations in their physical properties21. 
This demineralization process may explain the observed decrease in dental tissue microhardness post-radiation 
exposure. Additionally, demineralization can lead to focal pits and surface roughening of enamel, increasing 
surface roughness and subsequently affecting bacterial adherence, thereby increasing susceptibility to caries. 
Scholars speculate that radiation, through radiolysis, decomposes water within enamel, leading to dehydration42. 
Simultaneously, radiation acts on organic matter, inducing decarboxylation of carboxyl groups on collagen side 
chains, weakening the interaction between hydroxyapatite crystals and the organic matrix, resulting in enamel 
embrittlement, microcrack formation, decreased microhardness, and increased surface roughness37,43. Lu et al.40 
compared calcium-phosphorus content in microcracks and adjacent crack-free dental surfaces post-irradiation, 
revealing significant differences, with lower calcium-phosphorus content in the crack sites indicating mineral 
loss. Dentin, a highly mineralized hard tissue located between enamel and dental bone, plays a crucial protective 
role in supporting enamel and safeguarding the pulp. Studies found no significant difference in microhardness 
of dentin near the enamel-dentin junction before and after irradiation40,44, consistent with the results of our 
experiment. Higher surface roughness provides more niches for bacterial colonization, thus enhancing bacterial 
adhesion45. The threshold roughness value for significant bacterial adhesion has been reported as approximately 
0.2 µm46. In our study, since the enamel surface is unpolished, the roughness values of enamel surfaces in all 
groups exceeded this threshold. Radiation increased demineralization of the enamel surface, further increasing 
the surface area for bacterial adhesion. Which likely contributed to the observed increase in Streptococcus mutans 
adhesion. Early signs of caries involve enamel demineralization; our study found that post-fractionated radiation, 
enamel is more prone to demineralization, particularly on the buccal side. Many scholars have also observed 
increased susceptibility to demineralization in dental hard tissues post-irradiation47,48. Thus, post-radiation, 
increased enamel surface roughness and bacterial adherence, coupled with reduced acid resistance, collectively 
increase the risk of radiation-related caries.
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Limitations
The limitations of our experiment, which cannot fully replicate the effects of radiation therapy for head and 
neck tumors on dental hard tissues. Due to the protection of maxillofacial soft tissue and bone in the actual 
radiotherapy, the radiation dose that may remain in the teeth may be less than that in the study. There is no 
animal experiment in the study to better simulated the course of radiotherapy and radiation-associated caries. 
Its strengths lie in comparing the damage caused by two radiation methods and their impact on susceptibility to 
caries, providing valuable insights for establishing future in vitro experimental models.

Conclusions
Both single and fractionated radiation can cause damage to dental hard tissues, leading to a decrease in their 
physical and biological properties. However, differences exist between the damage caused by single and fraction‑
ated radiation and their effects on susceptibility to enamel caries. Compared to single-dose radiation, fraction‑
ated radiation induces more severe damage to buccal enamel and increases bacterial plaque adherence while 
decreasing acid resistance.

Data availability
All data generated or analyzed during this study are included in this article. Further enquiries can be directed 
to the corresponding author.
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