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We are delighted to announce that Dental and Medical Problems is the first dentistry-
focused scholarly journal in Poland and Eastern Europe to achieve a Journal Impact Factor 
(JIF) in the latest 2023 release of the Journal Citation Reports™!

After 3 years of dedicated efforts by the Editorial Office, all members of the 
Editorial Board, Editors, Authors, Reviewers, and Readers, we are pleased 
to announce the successful achievement of  our intended goal. Dental and 
Medical Problems (Dent Med Probl) now stands as the first dentistry-focused 
scholarly journal in Poland and Eastern Europe to be granted a Journal Impact 
Factor (JIF) in the most recent 2023 release of the Journal Citation Reports™! 
The Impact Factor (IF) or Journal Impact Factor (JIF) of an academic journal is 
a scientometric index calculated by Clarivate™ that reflects the average num-
ber of citations of the articles published in the last 2 years in a given journal, 
as indexed by Clarivate’s Web of Science.1,2 In terms of categories, Dent Med 
Probl currently holds the following ranking positions in the Web of Science: 
72/322 (Q1) in the category “Medicine, General & Internal”; and 70/156 (Q2) 
in the category “Dentistry, Oral Surgery & Medicine”. This remarkable posi-
tion is owed, among other factors, to our Authors, particularly those who have 
contributed highly cited papers to our Journal in the last 2 years. Therefore, we 
take this opportune moment to showcase their articles once again as a tribute 
to their hard work, and express our gratitude for choosing our Journal to pub-
lish their research.

In recent years, the articles most frequently cited in Dent Med Probl have 
centered around the coronavirus disease 2019 (COVID-19) pandemic, reflect-
ing the profound significance of this global phenomenon. COVID-19 has im-
pacted diverse aspects of oral health, such as saliva, oral mucosa, taste, brux-
ism, oral behaviors, and orofacial pain.3–8 Additionally, it has influenced the 
psycho-emotional state and stress levels of  oral healthcare providers, dental 
students, and patients, as well as the education of dental students.9–11

Over the past 2 years, the most frequently cited article has been a  multi-
national study examining the knowledge, attitudes, and practices of  dental 
practitioners regarding the COVID-19 pandemic, published by Kamate et al.12 
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This study utilized an  online-based survey distributed 
among dentists worldwide, employing a  combination 
of convenience and snowball sampling. The total number 
of responses received (860) was categorized by continent 
(Asia, Americas – North and South, Europe, Africa, and 
others – Australia and Antarctica). Dentists demonstrat-
ed commendable knowledge and practice scores, under-
scoring the importance of their preparedness in combat-
ing COVID-19.12

Another highly cited paper, authored by AbuBakr et al., 
aimed to shed light on the oral manifestations observed in 
mild-to-moderate cases of COVID-19.4 This study, con-
ducted through an  online survey, involved 573 partici-
pants. The findings revealed that 71.7% of COVID-19 pa-
tients exhibited oral manifestations of varying incidence 
and significance, including oral or dental pain (23%), 
pain in jaw bones or joints (12.0%), halitosis (10.5%), 
ulcerations (20.4%), and xerostomia (47.6%). Additionally, 
some patients (28.3%) displayed 2 or 3 manifestations 
simultaneously.4

The following 2 highly cited articles were mini-reviews 
published by Paradowska-Stolarz5 and Emodi-Perlman 
and Eli,6 focusing on the oral manifestations of COVID-19 
infection, and reviewing the initial existing literature on 
temporomandibular disorders (TMD), bruxism and oro-
facial pain during the COVID-19 pandemic, respective-
ly.5,6

The short communication published by Nuvvula and 
Mallineni, addressing the teledentistry model in pediat-
ric dentistry and providing guidance as to how to man-
age children with dental problems during the COVID-19 
pandemic, has also garnered significant reader interest.13

The prevalence and popularity of  articles related to 
COVID-19 align with global trends and should not be 
surprising, given the novelty and immense importance 
of the topic for human life and health.14–16

On this occasion, we would like to reiterate our grati-
tude to all members of the Editorial Board, as well as to all 
Authors, Reviewers, Editors, and Readers for their sub-
stantial contribution to the development of our journal. 
It is thanks to your diligent work and dedication that we 
have attained a standard of excellence.

Starting next year, Dent Med Probl will transition to 
a  bimonthly publication schedule. Additionally, new ar-
ticle types, including perspective, comment, research 
highlights, statement, clinical/scientific guidelines, and 
research letters, will be introduced. We want to assure all 
Authors and Readers that maintaining superior publish-
ing standards remains our top priority. We strongly en-
courage all scientists to submit manuscripts of  high-
quality content related to oral health and general medicine 
to our journal.
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Abstract
Background. Many patients are clinically consulted in dental clinics, where aerosol-generating proce-
dures are widely used. In our previous study, we evaluated the temperature, humidity and contamination 
rates on the inner layer of masks according to the mask-wearing time. However, it is important to assess 
the contamination rates on the outer layer of masks used in dentistry as well. Previously, while examining 
the contamination rates, we only identified the associated bacteria; no detailed analysis of bacterial species 
depending on the mask-wearing time was conducted. Furthermore, we did not evaluate factors that could 
contribute to the contamination of masks.

Objectives. The present study was intended to supplement the limitations of our previous study. 

Material and methods. The used masks were collected. Thereafter, colony forming unit (CFU) quanti-
fication and 16S rDNA sequencing were performed to calculate the contamination rates and identify 
bacterial species. Data on the participants’ medical and dental history was collected. The participants filled 
out a questionnaire and underwent saliva tests.

Results. On the inner and outer layers of the masks, 3.3 × 108 and 8.5 × 108 CFUs were found, respectively. 
The contamination rates of  the masks increased with the increasing mask-wearing time. There was no 
correlation between the contamination rate on the inner layer and other factors, such as the probing depth 
(PD) ≥4 mm, the bleeding rate, the calculus rate, and saliva characteristics. The inner layer contamination 
rate increased as the number of treated teeth increased, and as the saliva buffering capacity decreased. The 
outer layer contamination rate increased with the number of times the mask was touched.

Conclusions. The contamination rates were higher on the outer layer than on the inner one, and the CFU 
count increased with the mask-wearing time. The following bacterial species were found on the masks: 
Staphylococcus epidermidis (S. epidermidis); Staphylococcus aureus (S. aureus); Staphylococcus capitis 
(S. capitis); Streptococcus oralis (S. oralis); and Streptococcus koreensis (S. koreensis). Oral health conditions 
may have affected the contamination of the inner layer. In addition, the number of times the mask was 
touched may have affected the contamination of the outer layer.

Keywords: bacterial contamination, mask contamination, mask contamination factors
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Introduction
Wearing a mask is crucial for protecting the individual’s 

health in a dental clinic. It has become an essential safety 
measure during the coronavirus disease 2019 (COVID-19) 
pandemic.1 Particularly, in dental clinics, clinicians have 
to consult many patients and aerosol-generating proce-
dures are widely used. Consequently, the mask contami-
nation rates may increase in such settings.2 However, 
hospital guidelines for infection prevention lack evidence 
for mask replacement cycles.3 Hence, in our previous 
study, we evaluated the temperature, humidity and con-
tamination rates on the inner layer of masks according to 
the mask-wearing time.4 Yet, it is important to assess the 
contamination rates on the outer layer of masks used in 
dentistry as well. No studies have referred to this issue so 
far. In addition, in our previous study, we only identified 
the associated bacteria; no detailed analysis of  bacterial 
species depending on the mask-wearing time was con-
ducted. Furthermore, we did not evaluate factors that 
could contribute to the contamination of masks.

Therefore, the present study was intended to supple-
ment the limitations of our previous study.

Material and methods

Participants 

This study was approved by the Ethics Committee of 
Ulsan College, South Korea (No. 1044363-A-2022-002). 
The power analysis was performed for the study (effect size: 
d = 0.5, an alpha (α) error of 0.05 and a power of 0.95) with 
the use of G*Power, v. 3.1.9.7 (https://www.psychologie.hhu.
de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsy-
chologie/gpower). The total sample size required to obtain 
conclusive results was 54, and a sample size of 100 was se-
lected to compensate for possible error-related dropouts. 
Then, 100 participants who provided written informed con-
sent after the study purpose had been explained to them were 
recruited. Finally, 91 participants (mean age: 28.3 ±0.3 years, 
no medical history, free of  medications) were included for 
further analysis.

Sample collection 

Clinicians, including dentists, dental hygienists and 
nursing assistants, were selected as participants in this 
study. The participants responded to a questionnaire in-
cluding questions about the mask-wearing time, whether 
they chewed gum, coughed or sneezed while wearing the 
mask, and whether they washed their faces, brushed their 
teeth or put on makeup before using the mask. We also 
recorded behavioral factors, such as the number of times 
the mask was touched. After completing the survey, the 
masks were collected, placed in sterile zipper bags and 

sent to the laboratory. Sample numbers were indicated on 
the questionnaires and outside the zipper bags to ensure 
the anonymity of the participants.

Quantification of colony forming units 
(CFUs) 

After collecting the masks, a square shape (1 cm × 1 cm) 
in the center of  each mask was cut out, and the inner 
(inside) and outer layers (outside) were separated using 
tweezers. The separated pieces were placed in Eppendorf 
tubes containing 1 mL of the Luria–Bertani medium, vor-
texed for 1 min and incubated at 37°C for 24 h. After dilu-
tion (from 10−1 to 10−6), aliquots of 100 µL were inocu-
lated onto plate count agar (PCA) plates. After overnight 
incubation at 37°C, CFUs were counted.

Identification of bacteria 

The colonies on the PCA plates were picked randomly and 
subcultured 3 times. Polymerase chain reaction (PCR) was 
implemented using a  paired primer set (forward primer: 
27F: AGA GTT TGA TCM TGG CTC AG; reverse primer: 
1492R: GGT TAC CTT GTT ACG ACT TC). The reaction 
mixtures were subjected to 30 cycles of  denaturation 
and annealing at 50°C in an  automated thermal cycler 
(SimpliAmp™; Thermo Fisher Scientific, Waltham, USA). 
The PCR products were resolved by electrophoresis on 
1% agarose gel containing ethidium bromide (EtBr). The 
final PCR pro ducts were purified using a DNA purification 
kit (LaboPass™; Cosmo Genetech Co., Ltd., Seoul, South 
Korea). Finally, the PCR products were analyzed with auto-
mated sequencing, using a  cycle sequencing kit (BigDye™ 
Terminator, v.  3.1; Thermo Fisher Scientific), a  sequencing 
machine (ABI 3730XL; Thermo Fisher Scientific) and the 
Sequencher DNA sequence analysis software, v.  5.2 (Gene 
Codes Corp., Ann Arbor, USA). The newly aligned 16S 
rDNA sequences were compared with the bacterial genes 
deposited in the GenBank® database (National Center for 
Biotechnology Information (NCBI), Bethesda, USA), and the 
bacterial strains with a match of 99% were searched using the 
Basic Local Alignment Search Tool (BLAST) for nucleotides 
(NCBI).5 If alignment with the 27F and 1492R primers failed, 
additional experiments were conducted using an  internal 
primer (800R: TAC CAG GGT ATC TAA TCC; 785F: GGA 
TTA GAT ACC CTG GTA), and if this alignment failed as 
well, 5.8S rRNA sequencing (ITS1: TCC GTA GGT GAA 
CCT GCG G; ITS4: TCC TCC GCT TAT TGA TAT GC) 
and 25–28S rRNA sequencing (NL1: GCA TAT CAA TAA 
GCG GAG GAA AAG; NL4: GGT CCG TGT TTC AAG 
ACG G) were performed additionally.

Medical and dental history taking 

All participants underwent intraoral examinations, and 
one investigator collected data on the participants’ medical 

https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower
https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower
https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower
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and dental history, medication, and progressive oral 
diseases, such as dental caries. The investigator also mea-
sured attrition and abrasion, the probing depth (PD), the 
bleeding rate and the calculus rate.

Saliva test 

Five minutes after the participants brushed their teeth, 
their saliva was collected into 15-milliliter conical tubes 
for 5 min while sitting upright and comfortably on a chair. 
After that, the amount and pH of  saliva were measured 
using a  pH meter (PH-200, HM Digital, Inc., Carson, 
USA). After chewing gum for 30 s, the saliva secreted for 
5 min was collected into a measuring cup to determine its 
amount. The secretion rates of unstimulated and stimu-
lated saliva were recorded. The saliva buffering capacity 
was measured using a saliva-check buffer kit (GC Corp., 
Tokyo, Japan). After dropping the collected saliva onto 
the tester, the color change was read. The determina-
tion of the color change was conducted by 3 independent 
investigators, and the average was calculated.

Statistical analysis 

The SPSS for Windows software, v.12.0 (SPSS Inc., 
Chicago, USA), was used for statistical analysis. The 
data was evaluated with the one-way analysis of variance 
(ANOVA) followed by the paired t test. The results of the 
experiments are represented as mean and standard error 
(M ±SE). A p-value <0.05 was considered statistically sig-
nificant. 

Results
The average CFU count on the inner and outer lay-

ers of  the masks was 3.3 × 108 and 8.5 × 108, respec-
tively, and the difference was statistically significant 
(p  =  0.009) (Fig.  1A). On both sides of  the masks, the 
following bacterial species were found: Staphylococcus 
epidermidis (S.  epidermidis) (inside: 48.7%; outside: 
44.2%); Staphylococcus aureus (S.  aureus) (inside: 10.5%; 
outside: 9.3%); Staphylococcus capitis (S.  capitis) (inside: 
2.6%; outside: 2.3%); Streptococcus oralis (S.  oralis) (in-
side: 18.4%; outside: 9.3%); and Streptococcus koreensis 
(S.  koreensis) (inside: 1.3%; outside: 1.3%) (Fig.  1B). 
Further more, Strepto coccus salivarius (S.  salivarius) 
(7.9%), Staphylococcus lugdunensis (S. lugdunensis) (2.8%), 
Streptococcus infantis (S.  infantis) (1.3%), Streptococcus 
rubneri (S.  rubneri) (1.3%), Streptococcus australis 
(S. australis) (1.3%), Strepto coccus sanguinis (S. sanguinis) 
(1.3%), Streptococcus parasanguinis (S.  parasanguinis) 
(1.3%), and Moraxella osloensis (M. osloensis) (1.3%) were 
found on the inner layer of the masks only (Fig. 1B, ‘others’ 
in the inside group). In contrast, Staphylococcus warneri 
(S.  warneri) (18.6%), Staphylococcus caprae (S.  caprae) 

(2.5%), Streptococcus mitis (S. mitis) (2.5%), Enterococcus 
faecium (E.  faecium) (2.5%), Psychrobacillus lasiicapitis 
(P. lasiicapitis) (2.5%), Bacillus thioparans (B. thioparans) 
(2.5%), and Lactobacillus plantarum (L.  plantarum) 
(2.5%) were found on the outer layer of  the masks only 
(Fig. 1B, ‘others’ in the outside group). On the inner and 
outer layers, 13.2% of the bacteria found were of the same 
strains (S. epidermidis: strains Fussel and NBRC (National 
Institute of Technology and Evaluation (NITE) Biological 
Resource Center) 100911; S. aureus: strain ATCC (American 
Type Culture Collection) 12600; S.  oralis: strain ATCC 
35037; and S. koreensis: strain KCOM (Korean Collection 
for Oral Microbiology) 28901), while for the rest of  the 
bacteria (S. epidermis, S. aureus, S. oralis, and S. capitis), 
the strains were different, even though the species were 
the same (Fig. 1C).

The contamination rates on the inner layer increased as 
the mask-wearing time increased (<4 h: 0.7 × 108  CFUs; 
4–8 h: 2.2 × 108 CFUs; and >8 h: 7.1 × 108 CFUs) 
(Fig.  2A). When the mask-wearing time was less than 
4 h, most bacteria found were S.  epidermidis (66.7%). 
Staphylococcus epidermidis (41.1%), Streptococcus aureus 
(11.0%), S. capitis (3.5%), S. oralis (22.3%), and S. koreensis 
(1.6%) were discovered on the masks worn for 4–8 h. 
In addition, S. epidermidis (60.0%), S. aureus (6.7%) and 
S.  oralis (13.3%) were found on the inner layer of  the 
masks worn for more than 8 h; however, S.  capitis and 
S. koreensis were not detected (Fig. 2B).

Fig. 1. Average colony forming unit (CFU) counts (A), and the distribution 
of bacterial species [%] (B) and bacterial strains (C) on the inner and outer 
layers of the masks

S. epidermidis – Staphylococcus epidermidis; S. aureus – Staphylococcus 
aureus; S. capitis – Staphylococcus capitis; S. oralis – Streptococcus oralis; 
S. koreensis – Streptococcus koreensis; ** statistically significant at p < 0.01.
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Furthermore, the contamination rates on the outer lay-
er of the masks also increased as the mask-wearing time 
increased (<4 h: 0.8 × 108 CFUs; 4–8 h: 6.2 × 108 CFUs; 
and >8 h: 15.2 × 108 CFUs) (Fig.  2C). When the mask-
wearing time was less than 4 h, half of the bacteria found 
were S.  oralis (50.0%). On the masks worn for 4–8 h, 
S. epidermidis (41.2%), S. aureus (9.2%), S. capitis (2.7%), 
S. oralis (9.2%), and S. koreensis (2.7%) were discovered. 
Additionally, S. epidermidis (60.0%) and S. aureus (10.0%) 
were found on the outer layer of the masks worn for more 
than 8 h; however, S. capitis, S. oralis and S. koreensis were 
not detected (Fig. 2D).

Intraoral examinations were conducted to evaluate the 
factors affecting mask contamination, and the correlations 
between these factors and the mask contamination rate 
on the inner layer (in CFUs) were analyzed (Table 1). The 
participants had 27.3 ±1.6 teeth on average, and 15.1% 
of  the participants had semi-erupted teeth (1.9  ±0.8). 
The participants who had undergone preventive dental 
treatment, such as coating with a dental sealant, constituted 
58.5% of the total sample. Among them, the average number 
of teeth covered with a sealant was 3.9 ±2.7. In addition, 62.3% 
of  the participants had been provided with preservation 

and/or prosthetic treatment, such as resin fillings or gold 
crowns (6.6 ±3.8 teeth on average). Furthermore, 56.6% of the 
participants had caries. Among them, the average number 
of teeth with dental caries was 3.0 ±2.3, and 9.4% and 11.3% 
of  the participants had attritions (1.8 ±1.3) and abrasions 
(8.0 ±6.7), respectively. It was also observed that 11.3% of the 
participants had PD > 4 mm (4.9 ±3.2 mm; r = −0.109), 56.6% 
experienced bleeding (bleeding rate: 3.2 ±3.6%; r = 0.008) and 
77.4% had calculus (calculus rate: 8.9 ±13.3%; r  =  −0.117). 
Of the total participants, 5.7% were undergoing orthodontic 
treatment, and 20.8% were equipped with retainers after 
the completion of orthodontic treatment. Table 1 shows the 
correlations between particular factors and the CFU count, 
as well as sample percentages, and the average values for 
teeth or the indices examined.

Saliva tests were conducted to analyze the correlations 
between saliva characteristics and mask contamination on 
the inner layer (Table 2). The unstimulated saliva secretion 
rate was 0.5 ±0.3 mL/min, the initial saliva pH was 6.8 ±0.3, 
the stimulated saliva secretion rate was 1.1 ±0.5 mL/min, 
and the saliva buffering capacity was 9.2 ±2.0.

All factors were graphically analyzed. The inner layer con-
tamination rate increased (from 3.1 × 106 to 5.2 × 108 CFUs) as 
the number of treated teeth increased, but the differences 
were not statistically significant (Fig.  3A). In  addition, 
as the saliva buffering capacity decreased (from 9.9 to 
8.9), the contamination rate on the inner layer of  the 
masks increased. These differences were not statistically 
significant, either (Fig. 3B).

Fig. 2. Identification of bacterial species according to the mask-wearing time

A,C – contamination rates on the inner and outer layers of the masks, 
respectively; B,D – distribution of bacterial species according to the mask-
wearing time on the inner and outer layers of the masks, respectively. 
Data presented as percentage (%). CFU – colony forming unit.

Table 1. Correlations between oral health conditions and the mask 
contamination rate

Factor

r 
(correlation 
with CFUs 

inside 
the mask)

Percentage  
of participants 

[%]
M ±SE

Number of teeth – – 27.3 ±1.6 teeth

Semi-erupted teeth – 15.1 1.9 ±0.8 teeth

Preventive dental 
treatment

– 58.5 3.9 ±2.7 sealed teeth

Preservation and/or 
prosthetic treatment

– 62.3 6.6 ±3.8 teeth

Caries – 56.6 3.0 ±2.3 teeth

Attrition – 9.4 1.8 ±1.3 teeth

Abrasion – 11.3 8.0 ±6.7 teeth

PD > 4 mm 
[mm]

−0.109 11.3 4.9 ±3.2

Bleeding rate 
[%]

0.008 56.6 3.2 ±3.6

Calculus rate 
[%]

−0.117 77.4 8.9 ±13.3

Orthodontic 
treatment

– 5.7 –

Retainers – 20.8 –

r – Pearson correlation coefficient; M – mean; SE – standard error; 
PD – probing depth. 
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We hypothesized that there could be a  correlation 
between the number of  times the mask was touched 
and mask contamination on the outer layer; hence, 
behavioral factors were analyzed. The participants 
touched the mask approx. 10.7 ±9.9 times, and the out-
er layer contamination rate increased (from 10.5 × 106 
to 11.1 × 108 CFUs) with the number of times the mask 
was touched. Yet, the differences were not statistically 
significant (Fig. 4).

Discussion
The results of studies on mask contamination differ. In 

some articles, contamination was higher on the inner lay-
er of masks,6 while in others, contamination was higher 
on the outer layer.7,8 These varying outcomes are probably 
due to the environment in which the participants wore 
masks. The contamination outside the mask is higher in 
dental clinics, where aerosol-generating procedures oc-
cur.7,8 However, under strict control over contamination 
conditions (e.g., in operating rooms), the contamina-
tion rate is higher inside the mask.6 Due to the genera-
tion of aerosols, air pollution in dental clinics is relatively 
higher than in other environments. Consequently, in the 
present study, the contamination rate on the outer lay-
er of the masks was higher than on the inner layer in most 
samples (Fig. 1A).

We performed 16S rDNA sequencing to identify bac-
terial species. The bacteria detected on both layers were 
classified as the Staphylococcus and Streptococcus genera, 
which are Gram-positive, facultative anaerobic bacteria. 
They are also part of  the normal human flora, typically 
the skin flora and, less commonly, the mucosal flora. The 
normal flora may be easily found on the used masks, as 
wearing a  mask involves close contact with the human 
skin (Fig. 1B).4,9

Some bacteria belonging to the Staphylococcus, Strepto
coccus and Moraxella genera were observed only on the inner 
layer of  the masks. For example, S.  salivarius is common-
ly found in the oral cavity,10 and S.  infantis,11 S.  rubneri,12 
S.  australis,13 S.  sanguinis,14 and S.  parasanguinis15 can 
be detected in the oral cavity and the throat. In addition, 
S.  lugdunensis is pathogenic and can cause various infec-
tions.16 Moraxella osloensis is a commensal Gram-negative 
bacterium that causes invasive infections, mainly in 
immuno compromised individuals.17 However, if infectious 
bacteria were found inside the mask, we could not ascertain 
whether the mask wearer was also infected. It is necessary 
to conduct a future study that would assess the relationship 
between the bacteria found on the inner layer of masks and 
the participants’ medical history.

Some bacteria belonging to the Staphylococcus, 
Streptococcus, Enterococcus, Psychrobacillus, Bacillus, 
and Lactobacillus genera were observed only on the outer 
layer of the masks. Streptococcus mitis18 and E. faecium19 
are commonly found in the human oral cavity or gastro-
intestinal tract. Therefore, they can be easily observed on 
the used masks. Staphylococcus warneri20 and S. caprae21 
can cause opportunistic infectious diseases in immuno-
compromised individuals, but they are also found in the 
normal flora. Interestingly, some bacteria rarely found 
in humans, such as P.  lasiicapitis, B.  thioparans and 
L. plantarum, were found on the outer layer of the masks. 
This was probably due to the contamination of the mask 
through an unexpected route. Future research on whether 
these bacteria can be found in humans is needed.

Table 2. Correlations between saliva characteristics and the mask 
contamination rate

Factor

r 
(correlation 
with CFUs 

inside the mask)

M ±SE

Unstimulated saliva secretion rate 
[mL/min]

−0.186 0.5 ±0.3

Saliva initial pH −0.247 6.8 ±0.3

Stimulated saliva secretion rate 
[mL/min]

−0.082 1.1 ±0.5

Saliva buffering capacity −0.128 9.2 ±2.0

Fig. 3.  Correlation between the colony forming unit (CFU) count on the 
inner layer and the number of treated teeth (A) and the saliva buffering 
capacity (B)

Fig. 4.  Correlation between the colony forming unit (CFU) count on the 
outer layer and the number of times the mask was touched
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On the inner and outer layers of the masks, 13.2% of bac-
teria were of the same species and strain. Thus, there is 
a possibility that the contamination inside the mask due 
to human-derived bacteria may spread to the outer layer, 
or the contamination outside the mask due to external air 
pollution may spread to the inner layer (Fig. 1C).

In our previous study, the CFU count on the inner 
layer of  masks increased with the mask-wearing time.4 
Similar to our previous results, the mask contamination 
rate increased with the increasing mask-wearing time 
(Fig.  2A,C). In the previous study, the mask contami-
nation rate in mask samples was 0.35 × 108 CFUs and 
0.95 × 108 CFUs after 2 h and 4 h of wearing, respectively.4 
Similarly, the present study showed that the mask con-
tamination rate on the inner layer after 4 h of wearing was 
0.7 × 108 CFUs, which is within the range of the previous 
results.

Bacteria such as S. epidermidis and S. aureus are com-
monly found on the skin, and they survive relatively well 
even in dry environments; hence, they could survive for 
more than 8 h on the masks (Fig. 2B,D).9

Some bacteria, including S.  capitis, S.  oralis and 
S.  koreensis, were only found on both the inner and 
outer layers of  the masks worn for 4–8 h (Fig.  2B,D). 
Staphylococcus capitis is part of  the normal flora of  the 
human skin20 and can survive well in dry environments; 
however, it was not detected on the masks worn for more 
than 8 h. This might be due to the fact that the abi lity 
to withstand dry environments for a  long time varies 
among bacterial species, even if they belong to the same 
group of the normal human flora. Streptococcus oralis was 
observed on the masks worn for more than 4 h (Fig. 2B,D). 
The bacterium is easily found in the oral cavity.22 The 
mask is not contaminated with S. oralis immediately after 
it is put on, but through conversation or breathing, as the 
mask-wearing time increases. Although S. koreensis was 
found on the masks worn for 4–8 h, further research is 
needed for accurate interpretation.

We hypothesized that oral health conditions and saliva 
characteristics could cause the contamination on the 
inner layer of  the masks. Hence, intraoral examinations 
and saliva tests were performed. However, no correlations 
were found between those factors and the CFU count 
(Tables 1,2).

The contamination rate on the inner layer of  the 
masks increased as the tooth treatment rate in-
creased. In addition, as the saliva buffering capacity 
rate decreased, the contamination rate of  the inner 
layer of  the masks increased as well. However, these 
differences were not statistically significant (Fig.  3). 
Reduced saliva buffering capacity and a  decreased 
pH maintenance ability of  saliva increase the possi-
bility of  oral diseases, such as dental caries.23 It  was 
expected that poor oral health conditions might 
increase the contamination of  the inner layer of  the 
masks; yet, their impact was not pronounced.

Finally, it was hypothesized that the contamination rate 
on the outer layer of  the masks would increase with the 
number of times the mask was touched. Indeed, the con-
tamination rates increased, but the differences were not 
statistically significant (Fig. 4), perhaps due to the complex 
source of contamination of the outer layer of the masks.

Due to the risk of  severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) infections, wearing 
a  mask has become more important. Several previous 
studies revealed that saliva could serve for the detec-
tion of SARS-CoV-2.24–26 Thus, wearing a mask is essen-
tial for protecting not only mask wearers, but also individ-
uals around them from the risk of infection. Patients must 
take off their masks to receive dental treatment; hence, 
it is essential for clinicians to wear masks. According to 
the infection control guidelines, the sterilization of equip-
ment is essential. However, the masks worn by clinicians 
do not undergo a separate sterilization process. This sug-
gests that mask contamination through an  unexpected 
route may cause secondary infection. Therefore, it is 
recommended that masks that have undergone a photo-
sterilization process27 with the use of ultraviolet (UV) ir-
radiation,28 which is widely used in dentistry and does not 
cause damage to the mask or filter, be used.

Limitations 

Anaerobic bacteria were not investigated in this ex-
periment. Besides, the individual respiratory rates varied 
among the participants.

Conclusions
The contamination rates were higher on the outer layer 

than on the inner one. Furthermore, the CFU count on 
the inner and outer layers of  the masks increased with 
the mask-wearing time. Staphylococcus epidermidis, 
S. aureus, S. capitis, S. oralis, and S. koreensis were found 
on the used masks. Oral health conditions may have af-
fected the contamination of the inner layer, but their in-
fluence was not significant. The number of times the mask 
was touched may have affected the contamination of the 
outer layer; yet, this influence was insignificant, either.
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Abstract
Background. The maintenance of marginal bone integrity around dental implants continues to be a clini-
cal challenge. It is still unclear whether loading multiple implant-supported prostheses that have different 
implant connections influences bone resorption.

Objectives. The aim of this in vitro study was to compare stress distribution around residual edentulous 
ridges supported by external hexagon (EH) and Morse taper (MT) implants with screw-retained frame-
works obtained with the use of different methods. 

Material and methods. Three-element implant-supported prostheses with distal cantilevers were 
manufactured according to different techniques of obtaining the framework: LAS – framework sectioned 
and welded with a  laser; TIG – framework sectioned and welded with tungsten inert gas (TIG); and 
CCS – framework obtained using a computer-aided design/computer-aided manufacturing (CAD/CAM) 
system. Occlusal and punctual loading (150 N) was applied to the cantilevers. In the photoelastic stress 
analysis, the fringe orders (n) were quanitified using the Tardy method, which calculates the maximum 
shear stress value (τ) at each selected point.

Results. High stress around the implants and tightening were observed in the TIG group, mainly in the 
crestal bone region for the EH and MT implant connections. The LAS and CCS frameworks exhibited lower 
stress for the MT connection under occlusal and punctual loading.

Conclusions. The comparative analysis of  the models showed that the MT connection type associated 
with the laser-welded or CAD/CAM frameworks resulted in lower stress values in the crestal bone area, 
suggesting the preservation of bone tissue in this region. 

Keywords: CAD/CAM, dental prosthesis, dental stress analysis, dental implant
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Introduction
Residual edentulous ridges may need augmentation 

procedures before or during implant placement. Some 
methods are associated with additional surgical interven-
tion, cost, surgical time, and morbidity.1 Another alterna-
tive is rehabilitation with an implant-supported prosthe-
sis with a cantilever. All the force applied in the posterior 
region of the cantilever is transmitted to the implants, and 
consequently to the adjacent bone, which causes some 
concerns regarding stress distribution.2 Previous studies 
compared different implant systems in terms of stress dis-
tribution with regard to the bone.3,4 However, these stu-
dies used only one element or multiple elements splinted 
to implant-retained restorations without a  cantilever. 
Thus, research is still required to make this method safer.

To minimize distortion in the framework, and conse-
quently reduce the stress transmitted to the implant-
supported system, it is possible to section and weld one-piece 
frameworks obtained by conventional casting.5 Different 
welding techniques can be applied, such as conventional 
welding, gas-torch brazing, laser welding, and tungsten 
inert gas (TIG) welding. The TIG method has been as-
sociated with good flexural strength, and even with the 
resistance and adaptation values superior to laser welding 
for different metal alloys.6,7 Laser welding has been intro-
duced to dental laboratory procedures as an  alternative 
method to soldering, brazing or TIG welding.8 Yttrium 
aluminum garnet (YAG) doped with neodymium (Nd) 
crystals is used to emit laser beams (the Nd:YAG laser) to 
weld dental alloys.9 As the laser energy can be concentrat-
ed on a small area, minimal heating or oxidation effects 
occur in the region surrounding the welded spot; how-
ever, this method presents variable resistance results.10

Computer-aided design/computer-aided manufactur-
ing (CAD/CAM) can also be used to fabricate implant-
supported frameworks.11,12 This technique has pro-
vided significant improvement in the marginal adaption 
of frameworks,13 and may result in better stress distribu-
tion as compared to frameworks manufactured using tra-
ditional laboratory procedures. Although the CAD/CAM 
technology eliminates several steps, it introduces others, 
such as scanning, intricate software utilization, design, 
and machining, which also depend on the experience 
of the operator and the equipment used.14

With regard to the geometry of  implant connections, 
some studies have reported that the Morse taper (MT) 
connections provide joint stability and higher frictional 
resistance against rotational and lateral movements under 
vertical loading than external connections.15 The external 
hexagon (EH) connections have been reported to be ad-
vantageous in terms of  their anti-rotational mechanism 
and compatibility with different implant systems.16

To evaluate biomechanical behavior, photoelasticity has 
been used. This stress analysis enables the visualization and 
quantification of stress distribution in its entirety. It shows 

how polarized light is affected when passing through 
a plastic model under experimental loading. The method 
reveals full-field stress patterns.17 Photoelastic models have 
been successfully used to explain differences between vari-
ous kinds of prosthetic treatment, revealing stress behavior 
of implant-supported prostheses in the peri-implant bone 
tissue, and to assess the impact of compromised conditions 
through comparative stress-related outcome analyses.17–20 
In addition to stress location, its intensity and concentra-
tion can be interpreted on the basis of the color, number 
and closeness of the emerging fringes.17,21

The purpose of the present study was to use the photo-
elastic method to analyze stress distribution around im-
plants supporting a cantilever fixed partial denture (FPD) 
under both occlusal and punctual loading conditions. 
The effects of  different implant–abutment connections 
and frameworks, whole and welded, were compared.

Material and methods
Six photoelastic models were produced from the 

master polycarbonate models (rectangular block format: 
50 mm × 30 mm × 15 mm; 4 mm of height was removed 
at the posterior region of  the model to simulate the re-
sorption of  the posterior region of  the mandible). The 
implants (Ø 3.75 mm × 9 mm EH (Ti Titamax; Neodent, 
Curitiba, Brazil) and Ø  3.75  mm × 9  mm MT (CM 
Titamax; Neodent)) and a resin tooth were positioned into 
the models. The implants corresponded to the second 
premolar and the first molar, and a  resin tooth replica 
(Protemp™ 4; 3M ESPE, St. Paul, USA) replaced the first 
premolar. The distance between the center of  the tooth 
and the center of  the implant was 7.5 mm; the distance 
between the centers of the implants was 9.5 mm, accord-
ing to the odontometric parameters described in previous 
studies.21–23 The root of the resin tooth received a 0.3-milli-
meter layer of polyether (Impregum™ Soft; 3M ESPE) to 
simulate the periodontal ligament (PDL).24

A 3-unit implant-retained prosthesis with a  distal 
cantilever was waxed up on the copings of screw-retained 
abutments (EH and MT abutments, cobalt-chromium 
(Co-Cr) copings; Neodent). The prosthesis was duplicated 
(silicone azul; Polglass, Ribeirão Preto, Brazil) to standardize 
the specimens in all groups. To obtain frameworks, the 
waxed 3-unit implant-retained prostheses were reduced 
by 2 mm, and another silicone mold was made. For the 
fabrication of CAD/CAM frameworks, the previously re-
duced frameworks were scanned using a  D700 scanner 
(3Shape, Copenhagen, Denmark) and machined in Co-Cr 
using a milling machine (Ceramill Motion 2; Amman 
Girrbach, Koblach, Austria).

The frameworks were fabricated using a Co-Cr alloy (Fit 
Cast Cobalto; Talmax, Curitiba, Brazil) and separated into 
the following 3 groups: LAS – conventional cast framework 
sectioned and welded with a  laser; TIG – conventional 
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cast framework sectioned and welded with TIG; and 
CCS – framework produced with the CAD/CAM system. 
Using a  0.5-millimeter-thick, sharp stainless steel blade, 
the LAS and TIG frameworks were sectioned to be welded 
after conventional casting. The spruing, investing, burn-
out, and casting techniques were standardized. Subse-
quently, the frameworks were carefully removed by using 
glass microspheres (Polidental Indústria e Comércio, 
São Paulo, Brazil) of  100  µm granulation at a  pressure 
of 60 lbf/in2. Small nodules were removed with high-speed 
rotary tungsten carbide burs under constant cooling.

The laser welding machine (desktop Compact; 
Dentaurum, Nova Lianka, São Paulo, Brazil) was set at 
310 V and the pulse was fixed at 9 ms. Laser welding was 
performed at diametrically opposed points until the entire 
diameter of  the section in the framework received the 
welding points to minimize distortion. Tungsten inert gas 
welding was performed using a  plasma welding machine 
(NTY 60 K; Kernit, Indaiatuba, Brazil) according to the 
adapted methodology.25 In an argon gas environment, the 
tungsten (W) electrode was positioned 3–6 mm from the 
infrastructure, with the settings of 4 A and 0.15 s. Similarly 
to laser welding, TIG welding was executed at diametrically 
opposed points on the section of the framework.

All the steps of  pressing the infrastructures with the 
IPS InLine PoM ceramic (Ivoclar Vivadent, Schaan, 
Liechtenstein) strictly followed the manufacturer’s rec-
ommendations. 

Photoelastic stress analysis 

The abutments were tightened to the implants, and the 
prosthesis frameworks were tightened on the abutments. 
Before each analysis, the models were heated to 50°C for 
10 min to release the stress induced within the model. 
Subsequently, the models were cooled at approx. 23°C 
for 10 min and the absence of residual stresses was con-
firmed with a  polariscope (FL 200; G.U.N.T. Garätebau, 
Hamburg, Germany).20 The cantilevers were subjected to 
a simulated occlusal axial load and a single-point load cell 
(both of 150 N).26

To perform the qualitative analysis, the polariscope was 
adjusted to the circular polarization mode. Stress inten-
sity, represented by respective fringe orders (n – number 
of  fringes), and location were compared subjectively. 
A  greater number of  fringes indicated greater intensity 
of tension, and the closer the fringes were to each other, 
the greater the stress concentration was.27,28 Interpre-
tation was performed using the following scale: (1) low 
stress – 1 fringe or less; (2) moderate stress – between 
2 and 3 fringes; or (3) high stress – more than 3 fringes.29

To perform the quantitative analysis, the polariscope 
was adjusted to the circular mode. Stress distribution 
with regard to isochromatic fringes at 6 points of interest 
(3  in the cervical region of the implants, near the simu-
lated crestal bone, 1 in the apical region of each implant, 

and 1 in the apical region of the first premolar) (Fig. 1) was 
analyzed using the photoelastic model. The isochromatic 
fringe values (n) for each of the reading points were mea-
sured using the Tardy method of  compensation.30 The 
individual shear stress value (τ) for each point was deter-
mined using the stress-optic law, as follows (Equation 1):

 (1)

where:
τ – maximum shear stress [kPa];
n – value of the fringe order at the analyzed point; and
b – thickness of the model [mm] (15 mm).
The optical constant of  the photoelastic material 

Kσ = 3.56 was predetermined in a calibration procedure.29

Results
The photoelastic stress analysis, as showed in Fig.  2 

and corroborated by the shear stress values in Table  1, 
indicated varying stress levels across different scenarios. 
In the LAS-EH configuration, the observed stress levels 
were as follows: (1) high between the implants (P2; fringe 
order 4); (2) moderate between the implant and the 
tooth (P3, fringe order 2); and (3) moderate in the apical 
region of  the implants (P4 and P5; fringe order 3). The 
TIG-EH and CCS-EH configurations demonstrated low 
to moderate stress with a fringe order of 1 at the dental 
apex (P6) and a fringe order of 2 in the crestal bone re-
gion below the cantilever (P1). With regard to the MT 
connection, TIG-MT exhibited the following stress 
levels: (1)  moderate in the region below the cantilever 
(P1; fringe order 3); (2) moderate between the implants, 
and between the implant and the tooth (P2 and P3; fringe 
or der 3); and (3) high in the apical region of the implants 

Fig. 1. Distance between the implants and the tooth, and points selected 
for the quantitative analysis
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(P4 and P5, fringe order 4). The LAS-MT and CCS-MT 
con figurations showed fringe order fringe order 1 below 
the cantilever (P1) and between the implants (P2), and 
fringe orders 3 and 2 at the apical region of the implants 
(P4 and P5, respectively).

Regarding the differences in stress distribution between 
the implant connections under occlusal loading, the LAS-EH 
configuration exhibited a  greater number of  fringes 
between the implants and in the apical regions of the im-
plants. The TIG-MT framework showed the highest stress 
below the cantilever, in the apical region of the implants, 
and between the implant and the tooth. Comparing the 
frameworks fabricated using the CAD/ CAM system, the 
EH system presented higher stress at all points (except for 
P1 and P4) as compared to the MT connection.

Under a punctual load of 150 N applied to the cantilever, the 
photoelastic stress analysis indicated varied stress concentra-
tion for the EH and MT implant connections (Fig. 3, Table 2). 
For the EH connection, the LAS group exhibited a  fringe 
order of 4 at P4, corresponding to a maximum shear stress 
value of 643.8 kPa. The TIG group showed a fringe order of 3 
at points P1, P4, and P5, with notably high shear stress values 
at P1 (660.7 kPa) and P4 (589.8 kPa). The CCS group demon-
strated similar stress patterns, with a fringe order of 3 at P4 
and a maximum shear stress value of 637.1 kPa. Other points 
under the EH connection mostly showed a fringe order of 2, 
indicating moderate stress levels. For the MT connection, 
the LAS group presented a high fringe order of 4 at point P4, 
where the shear stress reached 704.9 kPa. Tungsten inert gas 
welding on the MT connection produced the highest shear 
stress across most points, with the peak at P4 (788.4 kPa), 
followed by P1 (666.9 kPa) and P5 (600.3 kPa). The CCS-MT 
configuration also showed high stress at P4, with a  fringe 
order of 3 and a shear stress value of 483.4 kPa. Fringe order 
2 was observed in the remaining points for all MT groups, 
suggesting lower stress concentration.

Fig. 3. Stress caused by the application of a punctual load

Fig. 2. Stress caused by the application of an occlusal load

LAS – conventional cast framework sectioned and welded with a laser;  
TIG – conventional cast framework sectioned and welded with tungsten 
inert gas (TIG); CCS – framework produced with the computer-aided 
design/computer-aided manufacturing (CAD/CAM) system;  
EH – external hexagon implant; MT – Morse taper implant.

Table 1. Maximum shear stress values (τ) [kPa] for each point with regard 
to the external hexagon (EH) and Morse taper (MT) implants under 
occlusal loading

Point
EH MT

LAS TIG CCS LAS TIG CCS

P1 114.9 239.1 110.7 219.8 674.3 456.2

P2 207.9 249.3 304.9 238.9 297.5 186.0

P3 182.5 146.0 127.8 63.6 299.2 77.7

P4 538.4 414.9 401.5 861.9 790.0 429.7

P5 380.2 134.3 249.4 151.2 362.0 49.8

P6 112.5 202.3 132.3 41.3 52.1 58.7

P1 – below the cantilever; P2 – between the implants; P3 – between 
the implant and the tooth; P4, P5 – in the apical region of the implants; 
P6 – at the dental apex.

Table 2. Maximum shear stress values (τ) [kPa] for each point with regard 
to the external hexagon (EH) and Morse taper (MT) implants under 
punctual loading

Point
EH MT

LAS TIG CCS LAS TIG CCS

P1 354.0 660.7 419.1 176.8 666.9 392.5

P2 212.9 353.8 196.9 259.3 446.3 266.5

P3 401.3 151.3 316.0 148.8 315.7 100.0

P4 643.8 589.8 637.1 704.9 788.4 483.4

P5 432.6 539.9 335.4 322.3 600.3 358.7

P6 45.6 87.9 138.6 44.6 61.2 38.8
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The comparative analysis of  the implant connections 
revealed that the EH system generally exhibited higher 
shear stress values than the MT connection in certain 
points within the LAS and CCS groups. Specifically, the 
LAS-EH configuration showed higher stress at points 
P1 (354.0 kPa), P3 (401.3 kPa), P5 (432.6 kPa), and P6 
(45.6  kPa), while the CCS-EH configuration demon-
strated higher values at P1 (419.1 kPa), P3 (316.0 kPa), P4 
(637.1 kPa), and P6 (138.6 kPa).

Discussion
Under occlusal loading, laser welding exhibited the 

highest stress pattern at the apices of  the EH implants, 
between the implants, and between the implant and the 
tooth. However, TIG welding presented the highest shear 
stress in critical areas, such as the crestal bone, for both 
implant connections. The lost-wax fabrication process 
of frameworks is related to a high coefficient of thermal 
expansion of the wax, and its dimensional stability is sub-
ject to air temperature; however, a combination of distor-
tions in different dimensions can cause a significant misfit 
at the prosthesis–abutment interface. Consequently, it 
may result in the overload of the bone.31 Although the dis-
tortions are difficult to eliminate, they can be minimized 
by sectioning and welding frameworks.

Laser welding promotes significant mechanical longe-
vity of the framework due to its high precision level, bio-
compatibility and minimal side effects. Furthermore, this 
technique yields a  framework with reasonable hardness 
and minimizes the heat-affected zone, which is crucial for 
maintaining the integrity of the material.32 De Castro et al. 
evaluated stress distribution in Co-Cr frameworks with 
the use of laser welding and TIG welding, and concluded 
that the stress generated around the implants was similar 
for both techniques.25 In the present study, although laser 
welding presented high stress between the implants, 
TIG welding showed the highest shear stress values in 
the crestal bone region at 3 key points, as well as in the 
apical region of  the implants for both the EH and MT 
connections. This was consistent across all measured 
points, except for P3 and P4 in the TIG-EH configuration, 
where the stress was not the highest as compared to other 
groups, as detailed in Table 2. 

In the case of cantilevers, careful planning is necessary 
to preserve the bone around the implants, mainly because 
of  the distribution of  the stress transmitted to the mar-
ginal area of  the bone during chewing. The concentra-
tion of high-intensity fringes at the distal implant under 
punctual loading on the cantilever, as exhibited by TIG 
welding in both implant systems, increases the possi-
bility of  crestal bone resorption. Some studies have re-
ported an increase in the flexural strength demonstrated 
by TIG-welded frameworks.6,7 Several factors may influ-
ence the mechanical strength. Tungsten inert gas welding 

correlates with resistance because of the welding penetration, 
consequently resulting in fewer pores, cracks and flaws; 
thus, high stress to the bone in the crestal bone area can 
be associated with the high mechanical strength provided 
by TIG welding.7

The study found that the frameworks fabricated us-
ing the CAD/CAM technique generally exhibited lower 
stress values under occlusal and punctual loading. How-
ever, this was not consistent across all cases. A detailed 
examination of Tables 1 and 2 reveals exceptions, where 
the CAD/CAM frameworks did not result in the lowest 
stress values as compared to other techniques. Although 
the CAD/CAM method has improved the fit of  frame-
works, distortions can still be present when the proce-
dures employed to apply the ceramic involve the lost-wax 
process followed by heat pressing. Some studies have 
reported the superiority of the CAD/CAM technique in 
terms of fit accuracy of implant-supported FDP as com-
pared to the conventional cast frameworks.11,13 However, 
these reports compared CAD/CAM with conventional 
casting, without taking into consideration the copings 
for the screw-retained abutments, as in the present 
study. The overcasting technique uses cylinders with pre-
machined metal straps to avoid casting the cylinder base 
and to minimize distortions.18 This situation may explain 
the same stress pattern observed for the laser-welded 
and CAD/CAM frameworks for the MT implants under 
occlusal and punctual loading on the cantilever.

According to the results, the type of the implant–abutment 
connection influenced the distribution of  stress to 
the bone. The MT system produced a  lower number 
of fringes and lower shear stress values under both types 
of loading, except when the framework of the TIG group 
was tightened. However, a study by Goiato et al. showed 
a more stable inferface for internal connections due to the 
intimate contact between the internal part of the implant 
and the external part of the abutment,33 which favors load 
distribution.34 Moreover, the cited study did not use cop-
ings for the screw-retained abutments, and only a punctual 
load was applied to the cantilever. Sousa et al. evaluated 
the EH and MT connections by using the finite element 
analysis (FEA), and proved that the MT connection sig-
nificantly decreased the strain levels in the peri-implant 
bone.35 This result is in partial agreement with the find-
ings of the present study, since the TIG group showed the 
highest shear stress values, especially for the MT connec-
tion, which can be attributed to the high flexural strength 
resulting from the welding penetration.

Limitations 

The photoelastic stress analysis and other in vitro 
methods present certain limitations, and the results should 
be considered with caution when extrapolating them to 
clinical situations. These limitations relate to the different 
elasticity moduli of oral tissues, and the inability of solid, 
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isotropic photoelastic models to differentiate between the 
cortical and cancellous bones.21,36 

Despite the differences, photoelasticity is regarded as 
a fairly accurate method for assessing stress patterns, as 
the fundamental stress concentration trends are typically 
consistent with those observed clinically.37 

For a  more comprehensive understanding, future re-
search could explore three-dimensional (3D) photoelastic 
stress analysis. This advanced approach would accommo-
date the complexity of the oral environment more effec-
tively by including shear stress as part of the loading con-
ditions, thereby providing a simulation that would more 
representative of clinical situations.19

Conclusions
Within the limitations of this study, we conclude that the 

use of laser-welded and CAD/CAM frameworks with MT 
implants results in lower stress values in the crestal bone 
area. Although there was high stress associated with TIG 
welding on the MT system, the EH system exhibited more 
stress in other groups in comparison with the MT system.
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Abstract
Background. Diagnosis in dentistry begins with the correct reading and interpreting of the dental radio-
graph.

Objectives. The aim of the present study was to examine the effects of the imaging technique used, 
the dentistry specialty and the years of experience on the gray-level perception among dentists. 

Material and methods. A  custom web application was developed. Dentomaxillofacial radiologists 
(DentRads), endodontists (Ends) and general dental practitioners (GDPs) were invited via e-mail to parti-
cipate in the study. A  total of  46 participants met the requirements of  the test. The test comprised 
2 webpages. On the 1st page, the participants were asked for information such as gender, specialty, the years 
of experience, and the imaging techniques they used. Then, on the 2nd page, they were welcomed with 
instructions and directions, and asked to rearrange 85 gray color tones represented by square bars of equal 
dimensions. These mixed gray bars were placed in 4 rows according to the principles of the Farnsworth–
Munsell 100-hue test (FM). Each clinician’s test results were recorded in a database. The individual’s level 
of recognition of gray tones was evaluated through the total error score (TES), which was calculated using 
a web-based independent scoring software program. Lower TES values were a desirable result, indicating 
fewer misplacement, while higher scores indicated more misplacements of gray tones. The testing time 
(TT) was recorded automatically.

Results. The years of  the participants’ experience as dentists or specialists did not affect TES or TT. The 
dentists who used the charge-coupled device-complementary metal oxide semiconductor (CCD-CMOS) 
had lower TES values than those who used analog radiographs (p < 0.05).

Conclusions. While the specialty and the years of experience did not affect the clinicians’ ability to 
recognize gray tones, the digital imaging techniques (photostimulable phosphor (PSP) and CCD/CMOS) 
could improve the clinicians’ gray-level perception.

Keywords: grayscale, dental radiology, contrast resolution
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Introduction
Dental radiology procedures are among the most neces

sary and common ones in modern dentistry; they are 
used for the diagnosis of apical and periapical abnormali
ties, treatment plans, supporting treatment, the evalua
tion of  care, and forensic situations.1 Therefore, radio
graphic image interpretation plays an  important role at 
the forefront in all branches of  dentistry before, during 
and after treatment. The ability to identify subtle differ
ences in grayscale images, combined with good know
ledge of anatomy, often leads to a successful diagnosis.

Contrast resolution is defined as the number of possible 
shades of gray that a pixel can carry, which also expresses 
the bit depth. Digital images have a bit depth from 8 
(256 shades of gray) to 16 (65,536 shades of gray).2 However, 
even if the monitor has a wide contrast range, the observ
er may not be able to perceive details.3 One of the most 
recognized methods in medical imaging used to measure 
the limits of  the human visual system (HVS) is Barten’s 
model.4 It comprises a series of experiments at different 
luminance levels that characterize the contrast sensitivity 
of HVS. Based on Barten’s model, a calibration standard 
has been described for medical imaging monitors. The 
standard, called Digital Imaging and Communication in 
Medicine (DICOM®) Grayscale Standard Display Function 
(GSDF), states the precise display luminance that should 
be produced for a given input value.4

The GSDF provides that different monitors can be set 
to have the same grayscale response, resulting in the im
provement of the perceptual linearity of observers.3 While 
GSDF calibration in medicalgrade grayscale monitors 
is accomplished during the manufacturing process, for 
consumergrade monitors, the calibration may be achieved 
with medical application software.5 However, considering 
that clinical dental practice requires relatively high room 
illuminance, and that medicalgrade monitors and the ad
ditional software are costly, dental radiographs are most 
often interpreted on consumergrade monitors.6 Further
more, most of the affordable and practical imaging moni
tors support only 8 bits.4 Therefore, GSDF has not been 
greatly implemented.

In dentomaxillofacial radiology, contrast resolution 
refers to the dental image quality in terms of clear differ
ences in gray shades with regard to enamel and dentin, 
root canal morphology, the pulp system, the marginal 
bone levels, air, and the trabecular bone pattern.7,8 Dia
gnosing root fractures, resorptions or fractured root ca
nal instruments, and determining the working length or 
accessory canals are some of the challenging radiologi
cal tasks for dentists, requiring the ability to differentiate 
fine details. In addition, the correct interpretation of the 
root canal system in terms of  canal morphology and 
number of canals is fundamental for the successful out
come of endodontic therapies.8,9 Thus, contrast sensiti
vity is an important competence when evaluating dental 

radiological images.10 Ganesan et al. concluded that the 
observer’s experience has a great impact on their visual 
search pattern.11

To evaluate the quality of  the radiographic imaging 
system, there are some suggested methods, such as the 
perceptibility curve tests or the receiver operating cha
racteristic (ROC) curve tests.12 However, when it comes 
to evaluating the perception of  the observer, there is no 
quantitative study in the literature that assesses the ability 
of dentists to differentiate gray tones. The Farnsworth–
Munsell 100hue test (FM) is widely used for color dis
crimination, including 85 colored caps.13 The accuracy 
of the observer in arranging the caps (forming a gradual 
transition in chroma) is gauged with the total error score 
(TES). The TES increases with the number of misplace
ments. Starting from this point, the authors of the present 
study claim that FM, which provides a numerical score, 
might be modified for the discrimination of gray tones.

Diagnosis in dentistry begins with the correct reading 
and interpretation of the dental radiograph.14 All dentists, 
whether specialists or not, use radiographs in their clini
cal routines. However, some branches of  dentistry use 
radio graphs not only for diagnosis, but also in all process 
steps. Endodontists (Ends) use radiographs pre, during 
and posttreatment. Dentomaxillofacial radiologists 
(DentRads) routinely focus on normal and pathological 
differences on the scans obtained with conebeam 
computed tomography (CBCT) and all other radiographic 
imaging systems in daily clinical practice. To the best of the 
authors’ knowledge, no studies have evaluated the ability 
of dentists to interpret contrast resolution. Therefore, the 
present study aimed to examine the influence of the imag
ing technique used, the dentistry specialty and the years 
of experience on the ability to perceive gray tones among 
dental professionals, as well as the testing time (TT). The 
null hypotheses were as follows:
1. There is no difference in the perception of gray tones 

and TT between the dentistry branches.
2. Neither the years of experience nor the imaging tech

niques used by clinicians have an effect on the inter
pretation of contrast resolution.

Material and methods
This laboratory study was conducted according to 

the Preferred Reporting Items for Laboratory studies in 
Endodontology (PRILE) 2021 guidelines.15 The study was 
approved by the institutional ethics committee at Istanbul 
Okan University, Turkey (approval No. 21.10.2020/24).

This research was a webbased study. Prior to the main 
study, 3 pilot studies were carried out. In the 1st and 
2nd pilot studies, the participants were asked to rearrange 
32 or 64 gray color bars from white to black. It was shown 
that they all reordered whitish and blackish colors almost 
faultlessly, but had problems arranging light to dark gray 
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colors. Based on the outcomes of  the pilot studies, the 
main study was reconstructed focusing on gray tones, 
which were a major problem for dentists. Then, the 3rd pilot 
study was applied to 20 people under the conditions 
of  the main study, using 85 gray tones selected conse
quently (22–106) from a 128tone (7 bits/pixel) grayscale. 
Afterward, the web page was blocked, and the pilot study 
was concluded. A reliability test was performed. Consider
ing the coefficient of correlation between the TES and TT 
values as a result of  the 3rd pilot study (ρ = −0.581), the 
minimum number of  participants to be included, with 
95% confidence (1−α) and 95% test strength (1−β), was 
determined to be 27.

In light of  these data, the individuals who participated 
in the pilot studies were not included in the main study, 
and other DentRads, Ends, and general dental practitioners 
(GDPs) were invited to participate. Invitations were sent 
to randomly selected members of relevant associations in 
Turkey via email. A  reminder email was automatically 
sent to those who did not respond to the first email within 
10 days. Then, after 20 days, the system was closed.

The inclusion criteria for the respondents were as fol
lows:
– the participant should be a GDP, End or DentRad;
– the participant should have had an eye examination in 

the last 18 months;
– the participant should not have any eye defects, or if 

they did, they should have been fixed with glasses or 
contact lenses;

– the participant should be using a MacBook Air laptop 
or be familiar with it.
The exclusion criteria for the respondents were as fol

lows:
– participants who did not visit the website after the 

2 emails;
– participants who had an eye defect (glaucoma, cataract, 

etc.);
– participants who refused to use a MacBook Air laptop;
– participants who had been diagnosed with attention 

deficit hyperactivity disorder (ADHD).

A custom web application was developed by a  web 
developer using HTML, CSS, JavaScript, and PHP. The 
application consisted of 2 webpages. On the 1st page, the 
participants were asked to provide personal information, 
including gender, specialty, the years of  experience, and 
the imaging techniques (i.e., chargecoupled device
complementary metal oxide semiconductor (CCDCMOS), 
photostimulable phosphor (PSP), analog) used in their 
daily clinical routines (Fig. 1A). In addition, they were di
rected to calibrate their monitors, using the link provided 
(macOS User Guide; https://support.apple.com/enhk/
guide/machelp/mchlp1109/mac). The participants were 
not allowed to proceed to the 2nd page without confirming 
that the necessary calibration was performed. After pro
viding informed consent to participate in the study, the 
participants were directed to the 2nd page.

The 2nd page included test instructions and directions 
(Fig. 1B). Initially, the participants were informed about 
the contents of the test. According to the instructions, the 
test was to be taken on a MacBook Air laptop (Apple Inc., 
California, USA) at a distance of approx. 60 cm from the 
monitor (3 spans). The participants were offered a  Mac
Book Air laptop to use if they did not have one. The test 
design was inspired by FM. Eightyfive gray color tones 
represented with square bars of  equal length and width 
were randomly placed in 4 rows according to the principles 
of FM, as follows: 22 bars in the 1st row (whitelike gray) 
and 21 bars in the 2nd (light gray), 3rd (dark gray) and 4th 
(blacklike gray) rows. These gray tones were selected con
sequently (22–106) from a 128tone (7 bits/pixel) grayscale 
(Fig. 1B). The lightest (1–21) and darkest (107–128) gray 
tones were excluded. Each tone was numbered from 1 to 
85, but the enumeration was not visible to the participants. 
On this page, the participants were asked to rearrange the 
bars from lightest to darkest in the correct order. They were 
only allowed to drag and change the bars in the same row.

The participants who got acquainted with the instruc
tions were asked to start the test by clicking the “start” 
button. Then, when they completed the test, they were 
asked to click the “submit” button.

Fig. 1. First (A) and second (B) webpages of the application

https://support.apple.com/en-hk/guide/mac-help/mchlp1109/mac
https://support.apple.com/en-hk/guide/mac-help/mchlp1109/mac
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The test results of each clinician were recorded in a PHP 
database. The individual’s level of recognition of gray tones 
was evaluated through TES. The score was calculated us
ing a webbased independent scoring software program 
for FM (the classical method), which was coded by Béla 
Török (https://www.torok.info/colorvision/fm100.htm) 
(Fig. 2). Lower TES values were a desirable result, indicat
ing fewer misplacements, while higher scores indicated 
more misplacements of gray tones. The testing time was 
recorded automatically.

Statistical analysis 

Statistical analysis was performed using the IBM SPSS 
Statistics for Windows software, v. 23.0 (IBM Corp., 
Armonk, USA). The data was assessed for normality us
ing the Shapiro–Wilk test. The oneway analysis of vari
ance (ANOVA) was used to compare normally distributed 
data. The Mann–Whitney U test and the Kruskal–Wallis 
test compared nonnormally distributed data. The results 
were presented as mean and standard deviation (M ±SD) 
for normally distributed data, and as median (minimum–
maximum) (Me (min–max)) for nonnormally distributed 
data. The significance level was set at p < 0.05.

Fortysix participants completed the study, and the 
power of the test (99.9%) was obtained as a result of the 
posthoc power analysis.

Results
Sixtyeight dentists visited the website within 30 days. 

Sixteen visitors did not complete the test, 3 visitors sub
mitted their tests in less than 15 s, and the TES values 
of 3 other visitors were higher than 500. Therefore, the results 
of  these 22 participants were discarded from the study. 
A total of 46 individuals met the requirements of the test. 
The numbers of  respondents by dentistry branch were 
16 GDPs, 15 Ends and 15 DentRads. Eighteen participants 
were male, and 28 were female. The TT values according 
to gender, branch, the years of experience, and the radio
graphic method used by the participants are shown in 
Table 1. The time to complete the test ranged from 280 s to 
1,228 s. There was no correlation between TT and gender, 
the years of experience or the radiographic method used 
(p > 0.05). However, DentRads spent significantly more 
time than GDPs to complete the test (p < 0.05).

The mean TES values for the participants are shown in 
Table 2. Higher TES values represented more misplace
ments of the gray bars. The TES results ranged from 3 to 
435. The TES results of the specialty groups were GDPs > 
Ends > DentRads, but the differences were not statistically 
significant (p > 0.05).

The participants used various imaging techniques in 
their clinical practice. The respondents were allowed to 
choose more than one answer to the question regarding 

Fig. 2. Data entry page of a web-based independent scoring software program coded by Béla Török (https://www.torok.info/colorvision/fm100.htm)

https://www.torok.info/colorvision/fm100.htm
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the imaging methods. Five participants reported using 
more than one technique, which included PSP and CCD
CMOS (the hybrid group). While the first choice of Ends 
(n = 6; 40.00%) and DentRads (n = 13; 86.67%) was PSP, 
the first choice of  GDPs (n  =  7; 43.75%) was analog 
radio graphy. In terms of  TES, there were no significant 

differences between the PSP and hybrid groups as 
compared to the other groups. The dentists who used 
CCDCMOS had significantly lower TES values than 
those who used analog radiographs (p < 0.05) (Table 2).

Although the lowest TES values were obtained by pro
fessionals with 0–5 years of experience, the years of  the 

Table 1. Intergroup comparisons of the testing time (TT) [s] at 95% confidence interval (CI)

Group
TT [s]

M ±SD Me (min–max) test statistic p-value

Gender
male (n = 18) 571.7 ±270.1 480.5 (280–1,064)

U = 213.5 0.386
female (n = 28) 630.6 ±256.7 596.5 (281–1,228)

Branch

GDPs (n = 16) 535.4 ±260.9 435 (280–1,068)a

χ2 = 7.438 0.024Ends (n = 15) 532.3 ±227.4 446 (286–1,074)ab

DentRads (n = 15) 759.7 ±238.5 769 (281–1,228)b

Radiographic imaging 
technique

analog (n = 9) 478.1 ±221.0 403 (280–983)

χ2 = 4.513 0.211
CCD-CMOS (n = 10) 595.4 ±196.7 630.5 (286–843)

PSP (n = 22) 688.1 ±292.4 701 (281–1,228)

hybrid (n = 5) 510.2 ±212.3 450 (286–831)

Work experience as 
a dentist  
[years]

0–5 (n = 10) 647.7 ±261.9 677 (297–1,068)

F = 1.810 0.160
5–10 (n = 21) 676.2 ±290.6 750 (280–1,228)

10–15 (n = 9) 465.7 ±163.3 433 (286–831)

15–20 (n = 6) 513.0 ±193.9 476 (281–843)

Work experience as 
a specialist 
[years]

0–5 (n = 18) 687.9 ±274.1 729 (281–1,228)

F = 0.585 0.5645–10 (n = 8) 579.8 ±252.9 519 (286–1,074)

>10 (n = 4) 590.0 ±186.8 557 (403–843)

M – mean; SD – standard deviation; Me – median; min – minimum; max – maximum; GDP – general dental practitioner; End – endodontist; DentRad 
– dentomaxillofacial radiologist; CCD-CMOS – charge-coupled device-complementary metal oxide semiconductor; PSP – photostimulable phosphor; 
U – Mann–Whitney U test; χ2 – Kruskal–Wallis test; F – ANOVA; the values marked with different superscript letters were significantly different (p < 0.05).

Table 2. Intergroup comparisons of the total error score (TES) values at 95% confidence interval (CI)

Group
TES

M ±SD Me (min–max) test statistic p-value

Gender
male (n = 18) 132.4 ±112.8 100 (6–435)

U = 279.5 0.536
female (n = 28) 110.5 ±88.8 97.5 (3–309)

Branch

GDPs (n = 16) 151.2 ±125.2 143 (3–435)

F = 2.251 0.118Ends (n = 15) 124.9 ±88.3 113 (6–309)

DentRads (n = 15) 78.9 ±59.2 53 (6–188)

Radiographic imaging 
technique

analog (n = 9) 196.9 ±82.7 190 (82–324)b

χ2 = 10.268 0.016
CCD-CMOS (n = 10) 91.5 ±130.8 35 (6–435)a

PSP (n = 22) 108.3 ±82.0 100 (3–309)ab

hybrid (n = 5) 81.4 ±57.0 85 (6–155)ab

Work experience as 
a dentist  
[years]

0–5 (n = 10) 83.1 ±86.9 69 (3–280)

χ2 = 4.583 0.205
5–10 (n = 21) 124.7 ±117.4 85 (16–435)

10–15 (n = 9) 118.1 ±74.2 115 (6–251)

15–20 (n = 6) 160.8 ±67.4 171.5 (35–218)

Work experience as 
a specialist 
[years]

0–5 (n = 18) 88.5 ±71.6 66 (6–309)

χ2 = 2.138 0.3435–10 (n = 8) 108.6 ±88.9 112 (6–267)

>10 (n = 4) 149.0 ±80.2 171.5 (35–218)

The values marked with different superscript letters were significantly different (p < 0.05).
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participants’ experience as dentists (Experience 1) or 
specialists (Experience 2) did not affect the TES results 
(p > 0.05) (Table 2). Also, no statistically significant differ
ences were observed between specialists (DentRads and 
Ends) and GDPs regarding both the TES and TT values 
(p < 0.05) (Table 3).

The order of gray tones entered into the software can 
also be visualized by a ring chart (Fig. 3). The misplaced 
gray bars are shown in red. Accordingly, the upper left 
part of the diagram represents the 1st row, the lower left 
part – the 2nd row, the lower right part – the 3rd row, and 
the upper right part – the 4th row. The participants often 
misplaced the bars representing the whitelike gray and 
light gray colors. The 4th row (blacklike gray) had the 
highest rate of correct placement.

Discussion
It is well known that radiographs are the main adjunct to 

the clinical examination, and dentists need them in both 
operative and preventive dentistry. Dentomaxillofacial 
radiologists and endodontists are the main groups that use 
radiographic imaging techniques in diagnosis, followup 
sections, in pretreatment, treatment and posttreatment 
procedures. On the other hand, GDPs constitute the 
dominant group of dentists, dealing with all fields of den
tistry, and they use all types of radiographs in their clinical 
routine. Identifying and improving the ability of dentists 
to detect gray tones, as well as determining the factors af
fecting this ability, would shorten the diagnostic process, 
reduce costs and positively affect the prognosis of treat
ment.16 Therefore, the present study aimed to compare 
the contrast resolution recognition abilities of the above
mentioned 3 groups of dentists. According to the results, 
there was a difference between the dentistry branches 
with regard to TT, as DentRads spent significantly more 
time than GDPs to complete the test. The years of experi
ence had no effect on TES or TT. However, the dentists 
who used CCDCMOS had significantly lower TES values 
than those who used analog radiographs (p < 0.05). For 
this reason, the 1st null hypothesis was partially rejected, 
and the 2nd hypothesis was also partially rejected.

When the TES and TT values were analyzed, it turned 
out that DentRads spent the longest time completing the 

Fig. 3. Ring charts of the participants whose TES values were 3 (A), 53 (B), 151 (C), 280 (D), 324 (E), and 1,035 (F) (discarded from the study)

The red bars show the incorrect placements and their accumulations. For example, in Fig. 3A, gray tones numbered 40, 41 and 42 in the 2nd row were 
misplaced, and this area was shown as a single red row.

Table 3. Intergroup comparison of the testing time (TT) and total error 
score (TES) values

Group TT [s] TES

GDPs 
(n = 16)

M ±SD 535.4 ±260.9 151.2 ±125.2

Me (min–max) 435 (280–1,068) 143 (3–435)

Specialists (n = 30) 
Ends (n = 15) 
DentRads (n = 15)

M ±SD 646.0 ±256.5 101.9 ±77.5

Me (min–max) 606 (281–1,228) 91.5 (6–309)

Test statistic U = 172.0 U = 195.0

p-value 0.117 0.299
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test, but no statistically significant differences were ob
served between this group and the other groups with re
gard to the TES values. Given that radiologists often view 
radiographs on larger screens in dark and private rooms, 
it is understandable that the focusing time will be longer 
on a 13inch screen. In addition, it has been shown that 
the computer vision syndrome (CVS), which is defined as 
an eye and vision problem due to computer use,17 mani
fested mainly as difficulty with focusing, is quite common 
among oral radiologists.18–20 This situation and the pro
longed focusing time may affect their work performance.

The lowest TES values were obtained in the group with 
0–5 years of experience for both Experience 1 (as a den
tist) and Experience 2 (as a specialist). Considering that 
the number of years of experience is directly proportional 
to the age of  the person, it can be concluded that older 
participants had more difficulty with distinguishing and 
ranking gray tones. In addition, this computerbased 
study may have attracted more attention from the younger 
generation. Another possibility is that young participants 
may follow new developments and use digital systems 
more intensively. However, one of the limitations of this 
study may be that the participants were asked about their 
years of experience, not their age.

Radiographic interpretation could be influenced by both 
objective21,22 and subjective factors.23,24 Kamburoğlu et al. 
compared observer agreement between Ends and DentRads 
in the evaluation of  endodontically and nonendo
dontically treated teeth for the presence of periapical le
sions by using CBCT with 2 different voxel sizes.25 They 
reported that the voxel size and the specialty affected in
tra and interobserver reliability. The DentRads group 
showed better intra and interobserver agreement un
der all conditions.25 In this study, in which the contrast 
resolution perception ability of the participants was com
pared using the TES values, no significant differences 
were found between the dentistry branches. However, 
the DentRads group showed better results and lower SD 
values. The reason for this difference between these 2 stu
dies may be the number of specialists participating in the 
study. While only 2 DentRads and 2 Ends participated in 
the study by Kamburoğlu et al., the number of participants 
in our study was at least 15 for each group examined. In 
addition, since this study measured the dentists’ ability to 
recognize contrast resolution and not their radiographic 
diagnostic ability, the participants’ expertise may not have 
affected the outcomes.

There were several limitations to this study. The study 
was conducted amid the coronavirus disease 2019 
(COVID19) pandemic, when the world had come to a stand
still. People all around the world had to provide online 
services from their homes, including many professions 
that one may not have expected. Although this study was 
primarily meant as a  facetoface project, unfortunately, 
this design could not be implemented under COVID19 
conditions. In addition, considering a previous study that 

stated there were no differences between a  computer
based FM (CBFM) and a  manual FM (MFM) regarding 
TES and TT, and also suggested that CBFM was a very re
liable, costeffective and rapid method,26 our online study 
could also provide valuable outcomes.

The most challenging problem for these kinds of  stu
dies is to design a  test that can be standardizable and 
applicable using virtual methods. Ophthalmologists use 
various methods, such as the Spaeth/Richman contrast 
sensitivity test (SPARCS) and the Pelli–Robson (PR) chart 
test, in the assessment of  contrast sensitivity, which are 
difficult to monitor and translate to the dentistry field.27 
The FM test, which assesses HVS, is used for the detec
tion of color blindness. It could be performed either via 
the Internet or by using physical derivatives. The data ob
tained from the test proposes several quantitative pieces 
of information. In this study, only the application protocol 
and design of the FM test were adapted.

To obtain standardization, several precautions were 
taken, including screen calibration, detailed guidance 
for the test environment and the use of  the same brand 
of computer. Based on a study by Koenderink et al.,28 the 
distance from the monitor was determined as approx. 
60 cm. The order of the gray bars in each row was estab
lished using www.random.org, and each participant saw 
the same random sequence. In this way, interparticipant 
standardization was ensured. The participants were also 
directed to a  webpage for screen calibration. This web
page link was placed with a button for the ease of use on 
the 1st page of the application. Digital zoom was also auto
matically forbidden by the system. All participants were 
instructed to use laptops of the same model to standardize 
the factors related to the monitor and display resolution. 
MacBook Air laptops were provided to 5 participants who 
did not have one.

In the present study, the participants used MacBook Air 
laptop monitors rather than medical monitors or desktop 
monitors. Medical monitors, which have complex techno
logy, are excellent pathfinders for both medical and 
dental radiologists during diagnostic processes. However, 
physicians cannot access these functional monitors in 
their clinical practice because of  their high cost. It was 
not preferred to use desktop monitor models, since they 
may have different resolution characteristics and cause 
calibration problems, and it was not possible to standard
ize monitor brands. The MacBook Air laptop with the 
Display Calibrator Assistant enables the control of screen 
calibration. It has support for millions of colors and a na
tive resolution of 2,560 × 1,600 at a density of 227 pixels 
per inch. It automatically adjusts the white point of  the 
user’s display to the color temperature of  the environ
ment for a more natural viewing experience. Due to their 
display features, MacBook Air laptops were used in the 
present study.

The main concern of  the researchers was to supply suit
able ambient light in the evaluation room for the participants. 

http://www.random.org
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Although a  high ambient light level (>1,000 lux) is 
almost always present in dental clinics, a  low ambient 
light level (<50 lux) is recommended to enhance the den
tist’s performance during the detection of  caries.29,30 It 
has been shown that reporting rooms should have good 
ambient light. It should be adjustable, as bright as the 
computer screen, and neither too bright nor too dark.19 
Baltacıoğlu et al. reported that different ambient light levels 
did not affect the diagnostic ability of observers.31 In light 
of this information, ambient light was ignored in this study. 
However, the participants were instructed in the email 
invitation to take the test under dim light conditions.

The respondents were asked about the imaging tech
niques they were using in their clinical routines, and the 
relationship between the method used and the TES result 
was assessed. It is broadly accepted that PSP plates have 
a wider dynamic range than CCD and CMOS sensors.32 
Moreover, both digital systems (PSP plates and CCD/
CMOS sensors) offer better contrast resolution than ana
log systems. On the other hand, the view box of analog 
films provides better luminance levels than typical digital 
monitors.32 Since the study was designed to assess the ar
rangement of digital data on the monitor, the lower TES 
results of the digital system users as compared to the ana
log system users were consistent.

Dental radiographs play a fundamental role in each step 
of treatment. However, it is not known whether the deve
lopment of digital radiography technology has improved 
clinicians’ ability to prepare a  proper treatment plan.23 
This is because we interpret digital radiographs rather 
than read them.33 Goldman et al. reported that many fac
tors, such as the experience of the observer, the conditions 
in which radiographs are examined and the settings of the 
Xray systems, could influence this interpretation.33 From 
this point of view, although the years of the participants’ 
experience were evaluated and the examining conditions 
were standardized in the current study, the results may 
not be generalizable when considering both observational 
and technical factors. Interpreting radiographic images 
poses challenges, particularly when discerning anatomi cal 
malformations within the teeth. The fine details of dental 
structures may not be easily discernible from radio
graphs. Additionally, the presence of hard tissues can 
lead to superimpositions on the images, complicating the 
interpretation of the results. The designed test cannot 
represent these factors completely. Additionally, dentists 
normally do not calibrate their personal monitors every 
time they use them. For this reason, the present study may 
be a pathfinder for further studies that will focus on con
trast resolution under clinical conditions.

Conlusions
Within the limitations of  the present study, while the 

specialty and the years of  experience did not affect the 

clinicians’ ability to recognize gray tones, the digital imag
ing techniques (PSP and CCD/CMOS) could improve the 
clinicians’ graylevel perception. Although the contrast 
sensitivity of the observer plays a fundamental role when 
evaluating dental radiographs, it is not the only factor that 
determines the outcomes. Further studies of the contrast 
resolution recognition ability of clinicians, supported by 
clinical cases, are needed.
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Abstract
Background. Endemic fluorosis (skeletal and dental) is a serious public health problem in many parts 
of the world, especially in India. Age, sex, dietary calcium (Ca), the hormonal status, the dose and duration 
of the fluoride intake, and renal efficiency in handling fluoride all influence fluoride metabolism.

Objectives. The aim of the study was to evaluate the effect of the fluoride present in drinking water on 
the serum alkaline phosphatase (ALP) and phosphate levels in pregnant women and newborn infants. 

Material and methods. In the present cross-sectional study, the participants were categorized into 
2 groups based on a  fluoride concentration in their drinking water: the low/optimum-fluoride group 
(<1 ppm); and the high-fluoride group (≥1 ppm). Each group was comprised of 90 pregnant women 
who were recruited from the hospital at the time of admission for delivery. Fluoride was measured in their 
drinking water, urine, maternal serum, and cord blood. The ALP and phosphate levels were measured in 
serum using a fully automated analyzer.

Results. The drinking water consumed by the pregnant women contained fluoride, which was significantly 
positively correlated with the urine and blood serum fluoride levels. There were significant differences in 
the ALP levels between the 2 groups in both maternal serum and cord blood. The level of phosphate in 
maternal serum was significantly higher in the high-fluoride group. The results of both simple and multi-
variate regression analyses revealed that the fluoride content in drinking water was significantly associated 
with the ALP level in cord blood and the phosphate level in maternal serum.

Conclusions. The ALP levels were negatively associated with drinking water fluoride concentrations in 
both maternal serum and cord blood. The phosphate levels in maternal serum were positively associated 
with drinking water fluoride concentrations.

Keywords: pregnancy, cord blood, alkaline phosphatase, fluoride, serum phosphate
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Introduction
Fluorine (F) is the 13th most common element in the 

Earth’s crust, and is widely distributed as fluorspar, fluor-
apatite and cryolite. These minerals are easily soluble in 
water and are present in groundwater, which contains high 
levels of  fluoride.1 The public health benefits associated 
with fluoridated dental products and optimally fluoridated 
drinking water are widely cited.2 Besides the benefits, long-
term fluoride exposure can also cause adverse effects, such 
as dental fluorosis and skeletal fluorosis.2 Endemic fluoro-
sis (skeletal and dental) is a serious public health problem 
in many parts of  the world, especially in India. Age, sex, 
dietary calcium (Ca), the hormonal status, the dose and 
duration of  the fluoride intake, and renal efficiency in 
handling fluoride all influence fluoride metabolism.3 Fluo-
ride is known to cross the placental barrier. In vitro studies 
have shown that it accumulates in brain regions involved in 
learning and memory, and alters proteins and neurotrans-
mitters in the central nervous system (CNS).4 Hence, it can 
be presumed that fluoride can also adversely affect CNS.

Alkaline phosphatase (ALP) is an enzyme that occurs in 
all tissues of the human body. A high concentration of ALP 
is found in bone, liver, kidney, intestinal, and placental 
tissue. During pregnancy, ALP is known to gradually in-
crease, reaching a peak in the 3rd trimester that is approx. 
twice its pregestational value.5 Serum bone-specific ALP is 
one of the most specific markers of bone formation.6

Phosphorus (P) is important in DNA synthesis and 
acts as a mitogen. Dietary P deficiency is rare, since most 
foods contain this element. The recommended dietary 
allowance (RDA) for P is 700 mg/day for both pregnant and 
non-pregnant women, and no additional supplementa-
tion is recommended for pregnant women based on the 
current knowledge.7

A literature search revealed no studies associating fluo-
ride in drinking water with pregnant women’s serum ALP 
and phosphate levels. Therefore, the present study hypo-
thesized that the fluoride present in drinking water is 
associated with the serum ALP and phosphate levels in 
pregnant women.

Methodology
Based on a fluoride concentration in their drinking wa-

ter, pregnant women were categorized into 2 groups. One 
group was considered low/optimum-fluoride (concentra-
tion below 1  ppm) and the other group was considered 
high-fluoride (concentration equal to or above 1  ppm) 
based on the World Health Organization (WHO) criteria.8 
Ninety pregnant women from each group were included 
in the study. Before the commencement of  the study, 
ethical clearance was obtained from the institutional 
ethics committee at the JSS Dental College and Hospital, 
Mysore, India (No. JSS/DC/Ethical/2014-15).

All subjects were recruited from the Department 
of Gynecology of the JSS Hospital, Mysore, India, during 
a prenatal visit approx. 1 month prior to their due date. 
Subjects who provided written informed consent were 
included in the study. Data on any prediagnosed endo-
crine disorders, serious pregnancy complications and/or 
bone disorders was obtained from medical records. If 
any of these conditions were present, the subject was ex-
cluded from the study. All data collection was performed 
during 1 year (July 2019–June 2020). At the time of  re-
cruitment, the mother’s age, socioeconomic status (SES), 
educational level, and medical history, as well as the type 
of drinking water, were recorded. The socioeconomic sta-
tus was categorized based on the modified version of the 
Kuppuswamy classification.9

The sample size was calculated based on a power of 80% 
and a 95% confidence interval (CI) according to previous 
study findings, assuming a  mean difference (MD) of  40 
and a standard deviation (SD) of 92 in the ALP levels. The 
records pertaining to the infant’s length, weight and head 
circumference were assessed by a well-trained staff mem-
ber using a  standardized protocol. The duration of  the 
pregnancy was also recorded.

Fluoride analysis 

The study participants were asked to obtain samples 
of  the water they consumed during the course of  their 
pregnancy. A  fluoride concentration in drinking wa-
ter, urine, maternal serum, and cord blood was assessed 
according to the American Public Health Association 
(APHA) guidelines, using a  9609BNWP fluoride elec-
trode (Orion™; Thermo Scientific, Mumbai, India). The 
electrode was calibrated daily before it was used to mea-
sure the fluoride concentration. Fasting urine and serum 
samples before delivery, and cord blood after delivery 
were used to assess fluoride concentrations.

Laboratory measurements 

First, the blood samples collected from the pregnant 
women for routine investigation before delivery were 
used to assess the fluoride, ALP and phosphate levels. 
Then, after delivery, these parameters were assessed in 
the cord blood samples. The blood samples were collected 
and immediately placed in tubes, labeled and submitted 
to the hospital’s clinical analysis laboratory, where they 
were centrifuged and transported under refrigeration. 
The ALP and phosphate levels were analyzed using a fully 
automated chemistry analyzer (TBA-120FR™; Toshiba, 
Tokyo, Japan). All samples were stored at –20°C.

Data management and statistical analysis

All the collected data was entered into a Microsoft Excel 
spreadsheet (Microsoft Corporation, Redmond, USA). 
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The IBM SPSS Statistics for Windows, v. 23.0 (IBM Corp., 
Armonk, USA), was used for data analysis. For descriptive 
data analysis, mean and standard deviation (M  ±SD) or 
frequency and percentage (n (%)) were used. For inferen-
tial data analysis, the unpaired two-sample t test was used 
to compare data with normal distribution, and the non-
parametric Mann–Whitney U test was used to compare 
data with skewed distribution. The normality of data was 
tested using the Kolmogorov–Smirnov and Shapiro–Wilk 
tests. The frequencies and percentages were compared 
using Pearson’s χ2 test. Associations for both groups were 
determined using Spearman’s correlation test.

To determine the one-to-one association, a simple linear 
regression model was used. In the model, the drinking 
water fluoride content was considered an  independent 
variable, and the serum ALP and phosphate levels were 
entered as dependent variables. After the consideration 
of covariates, a multivariate linear regression analysis was 
performed. Covariates that showed significant differences 
between the low/optimum-fluoride and high-fluoride 
groups in inferential statistics were considered covariates in 
the multivariate regression analysis. The covariates which 
exhibited significant differences were SES and maternal edu-
cation. The multivariate regression analysis model equation 
was used to predict the serum ALP and phosphate levels, 
with an  increase by 1  ppm of  fluoride in drinking water. 
A p-value <0.05 was considered statistically significant.

Results
There were 2 groups examined. One group had a  low/

optimum fluoride concentration in their drinking water 
(0.50 ±0.28 ppm) and the other had a high fluoride concen-
tration in their drinking water (2.65 ±1.29 ppm). The mean 
age of the pregnant women in the low/optimum-fluoride 
group was 23.88 ±3.57 years, while it was 24.13 ±3.85 years 
in the high-fluoride group. Other baseline characteristics 
considered were SES, maternal education, the duration 
of pregnancy, the maternal height, weight and body mass 
index (BMI), and the birth weight of the newborn. The 
2 groups differed significantly in terms of SES and maternal 
education. Fluoride concentrations in urine, maternal serum 
and cord blood were 0.200 ±0.240 ppm, 0.014 ±0.014 ppm 
and 0.011  ±0.011  ppm in the low/optimum-fluoride 
group, and 1.920  ±1.190  ppm, 0.153  ±0.113  ppm and 
0.110 ±0.100 ppm in the high-fluoride group, respectively. 
The comparison of the values of all parameters between the 
low/optimum-fluoride and high-fluoride groups showed 
statistically significant differences (p < 0.001) (Table 1).

Table  2 presents the serum ALP and phosphate levels 
in the 2 groups. Significantly lower levels of ALP were ob-
served in both maternal serum and cord blood in the high-
fluoride group. Conversely, the levels of phosphate in ma-
ternal serum were significantly higher in the high-fluoride 
group as compared to the low/optimum-fluoride group.

Table 1. Baseline demographic and clinical characteristics of the study population

Variable
Group

p-valuelow/optimum-fluoride 
n = 90

high-fluoride 
n = 90

Age [years] 23.88 ±3.57 24.13 ±3.85 0.645

SES

class I 13 (14.4) 3 (3.3)

0.000**

class II 26 (28.9) 18 (20.0)

class III 31 (34.4) 23 (25.6)

class IV 15 (16.7) 27 (30.0)

class V 5 (5.6) 19 (21.1)

Maternal education

illiterate 4 (4.4) 10 (11.1)

0.000**

primary (1–4 years) 10 (11.1) 23 (25.6)

middle (5–7 years) 16 (17.8) 26 (28.9)

high school and PUC 32 (35.6) 23 (25.6)

degree and diploma 28 (31.1) 8 (8.9)

Maternal height [ft] 5.14 ±0.98 5.15 ±0.87 0.763

Maternal weight [kg] 58.26 ±4.26 57.39 ±4.39 0.253

BMI [kg/m2] 23.87 ±2.79 23.48 ±2.67 0.282

Duration of pregnancy [weeks] 38.31 ±1.13 38.47 ±0.97 0.321

Birth weight of the newborn [kg] 2.69 ±0.57 2.60 ±0.56 0.274

Drinking water fluoride concentration [ppm] 0.500 ±0.280 2.650 ±1.290 0.000**

Urine fluoride concentration [ppm] 0.200 ±0.240 1.920 ±1.190 0.000**

Maternal serum fluoride concentration [ppm] 0.014 ±0.014 0.153 ±0.113 0.000**

Cord blood fluoride concentration [ppm] 0.011 ±0.011 0.110 ±0.100 0.000**

Data presented as mean ± standard deviation (M ±SD) or as frequency (percentage) (n (%)). SES – socioeconomic status; BMI – body mass index;  
PUC – pre-university course; ** highly statistically significant.
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Table 3 shows the strength of the association between 
the amount of  fluoride present in drinking water, urine, 
maternal serum, and cord blood and the serum ALP and 
phosphate levels. The ALP levels were negatively asso-
ciated with fluoride concentrations, while the maternal 
serum phosphate levels were positively associated with 
fluoride concentrations (Fig. 1,2).

Table 4 presents the results of the simple linear regression 
analysis and the selected covariates for the multivariate re-
gression analysis. In the simple linear regression analysis, the 
serum ALP and phosphate levels were considered depend-
ent variables, and the drinking water fluoride concentration 
was considered an independent variable. In the multivariate 
regression analysis, SES and maternal education were con-
sidered. The results of both simple and multivariate regres-
sion analyses revealed that the fluoride content in drinking 
water was significantly associated with the ALP level in cord 
blood and the phosphate level in maternal serum.

Discussion
This study was designed to determine fluoride concen-

trations in pregnant mothers’ drinking water, urine and 
blood before delivery, and in cord blood after delivery. 
Another objective of the study was to investigate the as-
sociations between the fluoride content and the ALP and 
phosphate levels in maternal serum right before delivery 
and in cord blood after delivery. To the best of our know-
ledge, this is the first study to evaluate the effects of fluo-
ride on the aforementioned parameters at both low/
optimum and high levels of fluoride in the drinking water 
consumed by pregnant women.

This study investigated the association between the 
urine and serum fluoride levels in pregnant mothers 
right before delivery and the cord blood fluoride levels 
after delivery. The findings of  the study reveal that as 
the fluoride concentration in drinking water increased, 

Table 2. Comparison of the serum alkaline phosphatase (ALP) and phosphate levels in pregnant women consuming low/optimum-fluoride and high-fluoride 
drinking water

Variable
Group

p-valuelow/optimum-fluoride 
n = 90

high-fluoride 
n = 90

ALP [IU/L]
maternal serum 326.78 ±135.69 279.72 ±136.89 0.018*

cord blood 254.14 ±121.95 195.79 ±107.94 0.001**

Phosphate [mg/dL]
maternal serum 3.47 ±2.65 4.47 ±3.43 0.001**

cord blood 4.49 ±2.98 4.12 ±2.26 0.285

ALP [IU/L]

maternal serum

<37 (deficient) 0 (0.0) 0 (0.0)

0.13037–306 (normal) 47 (52.2) 58 (64.4)

>306 (excess) 43 (47.8) 32 (35.6)

cord blood

<37 (deficient) 0 (0.0) 0 (0.0)

0.009*37–306 (normal) 64 (71.1) 79 (87.8)

>306 (excess) 26 (28.9) 11 (12.2)

Phosphate [mg/dL]

maternal serum

<2.8 (deficient) 33 (36.7) 11 (12.2)

0.001**2.8–4 (normal) 47 (52.2) 53 (58.9)

>4 (excess) 10 (11.1) 26 (28.9)

cord blood

<2.8 (deficient) 18 (20.0) 21 (23.3)

0.7342.8–4 (normal) 31 (34.4) 33 (36.7)

>4 (excess) 41 (45.6) 36 (40.0)

Data presented as M ±SD or as n (%). * statistically significant; ** highly statistically significant.

Table 3. Spearman’s correlation between fluoride concentrations in drinking water, urine, maternal serum, and cord blood and the alkaline phosphatase 
(ALP) and phosphate levels in maternal serum and cord blood

Correlation ALP 
in maternal serum

ALP 
in cord blood

Phosphate 
in maternal serum

Phosphate 
in cord blood

Drinking water 
fluoride concentration

–0.148 
(p < 0.048*)

–0.248 
(p < 0.001**)

0.287 
(p < 0.000**)

–0.043 
(p < 0.571)

Urinary 
fluoride concentration

–0.113 
(p < 0.131)

–0.207 
(p < 0.005**)

0.260 
(p < 0.000**)

–0.042 
(p < 0.574)

Maternal serum 
fluoride concentration

–0.187 
(p < 0.012*)

–0.300 
(p < 0.000**)

0.236 
(p < 0.001**)

–0.104 
(p < 0.165)

Cord blood 
fluoride concentration

–0.159 
(p < 0.033*)

–0.313 
(p < 0.000**)

0.175 
(p < 0.019*)

–0.148 
(p < 0.470)

* statistically significant; ** highly statistically significant.
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the fluoride concentration in maternal serum and cord 
blood also increased. According to the obtained results, 
the role of the placenta in blocking fluoride is very mini-
mal. These results are consistent with previous studies by 
Ahmed  et  al.10 and Opydo-Szymaczek and Borysewicz-
Lewicka.11

Alkaline phosphatase has been identified as an  early 
and vital indicator for the estimation of bone formation 
and bone turnover. There is no research pertaining to the 
effects of high and low/optimum fluoride concentrations 

in drinking water on the bone marker ALP levels among 
pregnant women and in cord blood. In the present study, 
the mean ALP levels among pregnant women were higher 
than the cord blood ALP levels. This result is in accor-
dance with a study by Verity et al.,12 but contradictory to 
Yamaga et al.’s study.13

Some previous studies reported a  weak inverse cor-
relation between the maternal serum vitamin D3 and 
ALP levels.14–16 A  few studies found an  insignificant 
asso ciation between the vitamin D3 and ALP levels.17–19 

Table 4. Unadjusted and adjusted associations estimated based on the linear regression models between the drinking water fluoride concentration and 
the alkaline phosphatase (ALP) and phosphate levels in maternal serum and cord blood

Parameter Constant Β SE p-value

ALP

maternal serum
† 319.664 –10.403 7.189 0.150
‡ 300.318 –9.620 7.621 0.208

cord blood
† 243.936 –12.022 6.147 0.050*
‡ 206.358 –13.085 6.521 0.046*

Phosphate maternal serum
† 3.309 0.417 0.160 0.010**
‡ 2.876 0.394 0.169 0.021*

SE – standard error; † simple linear regression analysis without adjusting any variables (the drinking water fluoride concentration was considered as 
an independent variable, and the serum ALP and phosphate levels were considered as dependent variables); ‡ multivariate linear regression analysis after 
adjusting for SES and maternal education; * statistically significant; ** highly statistically significant.

Fig. 1. Correlation between the drinking water fluoride concentration and the alkaline phosphatase (ALP) level in maternal serum and cord blood

Fig. 2. Correlation between the drinking water fluoride concentration and the phosphate level in maternal serum and cord blood
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In  the present study, lower ALP levels were noted in the 
high-fluoride group, which might be due to variations in 
the vitamin D3 levels. Those consuming high-fluoride 
drinking water had significantly lower ALP levels in mater-
nal serum and cord blood than the low/optimum-fluoride 
group. Liu  et  al. showed that when the concentration 
of  fluoride in drinking water was 0.58–1.59  mg/L, the 
ALP levels were higher, while fluoride concentrations 
of 1.60–3.37 mg/L were associated with lower ALP levels.20 
In the present study, the majority of samples that belonged 
to the high-fluoride group had fluoride concentrations 
of more than 1.5 mg/L and this group subjects exhibited 
lower ALP levels. These results are in accordance with the 
Liu et al.’s study.20 Liu et al. showed that ALP activity was 
elevated in the low-fluoride group due to the direct sti-
mulation of F, whereas in the high-fluoride group, fluoride 
could directly inhibit the enzyme activity or osteoblast 
activity.20 Therefore, we consider that the ALP level may be 
one of the reference indicators for fluoride exposure.

In the present study, significant negative correlations 
were found between the fluoride content in drinking 
water, urine, maternal serum, and cord blood and the 
ALP levels. We found that the higher the fluoride level 
in maternal serum and cord blood were noted, the more 
decreased levels of  ALP were observed. Further studies 
could be conducted to evaluate bone activity in pregnant 
women who consume high-fluoride drinking water.

Both Ca and P are essential inorganic elements for 
cell growth and proliferation. Phosphorus is important 
for DNA synthesis and for inducing mitogenesis. Due 
to higher bone turnover in the fetus, the values of  cord 
blood Ca, P and bone metabolic markers are higher 
than the maternal serum ones.21 In this study, the low/
optimum-fluoride group had higher phosphate values for 
cord blood than maternal serum. However, in the high-
fluoride group, a reverse result was observed. The results 
also showed that the high-fluoride group had significantly 
higher phosphate values for maternal serum than the low/
optimum-fluoride group. In cord blood, a reverse result 
was observed. This observation may be due to a  lower 
secretion of  parathyroid hormone (PTH) into mater-
nal blood within the high-fluoride group as compared 
to the low/optimum-fluoride group.22 Previous studies 
showed that the secretion of PTH is directly linked to the 
P level. The uptake of phosphate from the intestine and 
bones into blood depends on the secretion of PTH. When 
a breakdown of bone occurs, more Ca than P is released 
into the bone. An increase in activated vitamin D medi-
ates the absorption of both Ca and P in the intestine. The 
end result of the release of PTH is a slight decrease in the 
serum concentration of phosphate.23

Limitations 

There are limitations to this study that should be ad-
dressed. Firstly, fluoride was assessed only in drinking 

water and not in other sources. Secondly, the study was 
conducted in a single center and had a small sample size. 
Thirdly, the cause-and-effect relationship could not be in-
ferred with certainty, as this was a cross-sectional study.

Conclusions
The findings of this cross-sectional study demonstrat-

ed that a high fluoride content in drinking water was as-
sociated with the serum ALP and phosphate levels. We 
recommend multicenter studies with larger populations 
to establish the cause-and-effect relationship. Our data 
highlights that in high-fluoride areas, continuous screen-
ing of pregnant women should be performed to evaluate 
the ALP and phosphate levels. The government should 
take initiatives to create awareness regarding the effects 
of high fluoride levels in drinking water.
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Abstract
Background. Severe early childhood caries (S-ECC) is a  multifactorial transmissible infectious disease 
continuing to affect infants and toddlers worldwide. Saliva plays a modulatory role in the pathogenesis 
of dental caries.

Objectives. The present study aimed to assess the salivary levels of proteinase-3 (PR3) and interleukin-8 
(IL-8) as pro-inflammatory cytokines related to the function of neutrophils in association with S-ECC and 
its treatment. 

Material and methods. Fifty children aged 36–60 months were recruited (25 caries-free controls and 
25 S-ECC patients). Saliva sampling was performed in all participants. In the S-ECC group, sampling was 
repeated 6–8 weeks after restorative treatment. The salivary concentrations of PR3 and IL-8 were deter-
mined using the enzyme-linked immunosorbent assay (ELISA). The χ2 test, Fisher’s exact test, the indepen-
dent t test, and the paired t test were applied at p < 0.05.

Results. The baseline salivary concentrations of PR3 and IL-8 in the S-ECC group were significantly higher 
than in the caries-free group (p  <  0.001). A  significant reduction occurred in the levels of  these cyto-
kines following restorative treatment in the S-ECC group (p < 0.001), although they were still significantly 
higher than in the caries-free group (p < 0.05).

Conclusions. The salivary levels of PR3 and IL-8 were significantly affected by the presence of dental caries 
in children, implying their potential efficiency as non-invasive indicators in the determination of the caries 
risk and treatment effectiveness.
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Introduction
Early childhood caries (ECC) is a major public health 

problem worldwide, particularly in developing coun-
tries.1 It is defined as the presence of one or more de-
cayed (cavitated or non-cavitated), missed (due to caries) 
or filled surfaces (dmfs) in any primary tooth of children 
aged ≤72 months. Severe ECC (S-ECC) in 3–5-year-old 
children is defined as the presence of one or more de-
cayed, missing (due to caries) or filled smooth surfaces 
in primary maxillary anterior teeth, or a dmfs score ≥4 
at the age of 3 years, ≥5 at the age of 4, or ≥6 at the age 
of 5.2 Early childhood caries negatively affects the oral 
health-related quality of life (OHRQoL) of children and 
is associated with several complications, such as tooth-
ache, dental abscesses, the loss of appetite, malnutrition, 
and an  increased risk of  caries in primary and perma-
nent dentition. Moreover, it imposes a  high economic 
burden on the family as well as the public health sys-
tem.3,4 Therefore, the determination of its pathogenesis 
can influence caries preventive strategies.

Saliva plays a significant regulatory role in the patho-
genesis of dental caries. The properties of saliva, such 
as its viscosity, buffering capacity, remineralization 
potential, antimicrobial activity, and the presence 
of immunological factors in its composition, affect the 
development of  caries.5 Saliva sampling is a  simple, 
economical and non-invasive method for oral health 
examinations, with a minimum risk of sample contami-
nation. The analysis of salivary biomarkers is an appro-
priate method for the early diagnosis of oral diseases, 
as well as for the determination of prognosis and treat-
ment success.6

The first line of body defense and the immune response 
to dental caries consists in the activity of neutrophils pre-
sent in saliva, which control bacterial infections through 
chemotaxis, opsonization, endothelial cell migration, and 
phagocytosis.7 Neutrophils are also considered one of the 
primary sources of lysozyme, the salivary enzyme respon-
sible for the direct antibacterial action of saliva.8

Interleukin-8 (IL-8) is a neutrophil chemotactic factor 
secreted by various cells, such as macrophages, T cells, 
fibroblasts, neutrophils, and vascular endothelial cells. 
It encourages the accumulation of  neutrophils and the 
subsequent increase in the secretion of lysozyme against 
bacteria.9

Neutrophil defensins (human neutrophil peptides 
(HNPs) 1–4) also play a  critical role in the defense 
mechanisms of saliva and microbial homeostasis. They 
act by opsonizing bacteria, causing their non-oxidative 
death and improving phagocytosis.10 The precursor 
of HNPs 1–4 is eliminated by proteinase-3 (PR3) dur-
ing the differentiation and maturation of  neutrophils, 
and active HNPs 1–4 are reserved in the azurophilic 
granules of neutrophils to be released in the presence 
of  inflammation.11 Proteinase-3 is a  serine protease 

that is involved in the inflammatory reactions associat-
ed with several infectious and non-infectious diseases; 
however, little is known regarding its role in the pro-
cess of dental caries.12

The association between salivary immunological bio-
markers and ECC has been evaluated in some previous 
studies2,8; however, few of them have shown the relation-
ship between S-ECC and the salivary levels of  IL-8 and 
PR3. The confirmation of  this relationship by well-
designed clinical studies could make the analysis of these 
salivary cytokines a useful tool for determining the seve-
rity of dental caries and the dental pulp status,13 evaluating 
the efficacy of caries prevention protocols, and assessing 
children’s susceptibility to dental caries.2,12,14,15

The present study aimed to assess the relationship be-
tween S-ECC and its treatment and the salivary concen-
trations of PR3 and IL-8 as pro-inflammatory cytokines 
related to the function of  neutrophils. In addition, the 
possible risk factors associated with S-ECC were deter-
mined.

Material and methods

Participants 

The present study was conducted at the Department 
of Pediatric Dentistry of  the Shahid Beheshti University 
of  Medical Sciences, Tehran, Iran, between April 2018 
and December 2018. Children aged 36‒60 months were 
recruited using the convenience sampling method and 
divided into 2 groups: S-ECC patients; and caries-free 
children who served as controls. The participants were 
included in the study according to the following criteria: 
complete physical and mental health; no confounding 
history of systemic diseases; no consumption of local or 
systemic drugs during the past 2 months; the absence 
of any gingival inflammation or periodontal disease; and 
the absence of any exfoliating primary teeth or erupting 
permanent teeth at the time of  this study. The sample 
size was calculated based on previous studies to be 25 in 
each group (α = 5% and a power of 90%)16; however, in the 
S-ECC group, 35 patients were initially recruited to com-
pensate for the possible sample loss during the follow-up 
period and to improve the validity of the study.

Each participant was enrolled in the study after read-
ing, understanding and completing the written informed 
consent document by their parent. Furthermore, a ques-
tionnaire was completed by the parents in order to assess 
their educational status and to determine their children’s 
dietary habits.

The research was designed and performed in accor-
dance with the Declaration of Helsinki, and was approved 
by the institutional committee for ethics in research 
(IR.SBMU.DRC.REC.1397.036).
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Clinical examinations 

Caries-free children (i.e., the control group) were se-
lected according to the clinical screening examinations 
performed at 5 randomly selected kindergartens in 
Tehran, Iran. For improved visibility, the teeth were dried 
with sterile gauze and examined under adequate artifi-
cial lighting, using disposable explorers and dental mir-
rors (Asia Dental, Tehran, Iran). In order to ensure the 
absence of interproximal caries, only children with open 
tooth contacts were enrolled.

Children affected with S-ECC were selected from among 
the patients referred to the Department of Pediatric Dentistry 
of the Shahid Beheshti University of Medical Sciences, 
following clinical and radiographic examinations. Partici-
pants were selected according to the definition of S-ECC 
by the American Academy of Pediatric Dentistry (AAPD), 
i.e., the presence of one or more decayed, missing (due to 
caries) or filled smooth surfaces in primary maxillary anterior 
teeth, or a dmfs score ≥4 at the age of 3 years, ≥5 at the age 
of 4, or ≥6 at the age of 5.2 The dmfs score of each child was 
recorded. The plaque index (PI) of each patient was also 
determined using the Greene and Vermillion’s simplified 
oral hygiene index (OHIS), which consists of the simplified 
debris and calculus indices (DI-S and CI-S).17,18 The modi-
fied version of this index for primary dentition, introduced 
by Miglani et al., was utilized in this study; it evaluates the 
buccal surfaces of the second primary molars and central 
incisors in the upper right and lower left quadrants.17

Saliva sampling 

In both groups, approx. 1 mL of unstimulated whole rest-
ing saliva was collected by passive drooling for 5 min.19 Saliva 
samples were all collected between 9 a.m. and 11  a.m. to 
minimize the effect of the circadian rhythm on the compo-
sition of saliva.2 The children were requested to refrain from 
eating, drinking, toothbrushing, and using dental floss for 2 h 
before sampling.9 The samples were collected into capped, 
sterile, pre-chilled microtubes, and coded. The microtubes 
were placed on dry ice to prevent the hydrolysis of salivary 
proteins, and were immediately transferred to the Laboratory 
of  Immunology. The saliva samples were then centrifuged 
(Eppendorf® centrifuge, model 5415; Eppendorf, Hamburg, 
Germany) for 10 min at 6,000 rpm. The supernatant from 
each sample was carefully transferred to a new microtube 
by using a  sampler and stored at –70°C until further use. 
Subsequently, the patients in the S-ECC group received all 
the required restorative treatment, in addition to preven-
tive procedures, such as oral hygiene instruction, nutritional 
counseling, and professional prophylaxis and fluoride thera-
py. All procedures were performed by an experienced post-
graduate student of pediatric dentistry. Post-treatment saliva 
sampling was performed 6–8 weeks after the completion 
of restorative treatment, and the samples were stored under 
the same conditions as mentioned above.

Investigating the salivary concentrations 
of PR3 and IL-8

The salivary concentrations of  IL-8 and PR3 were de-
termined through the enzyme-linked immunosorbent 
assay (ELISA). For this purpose, the samples were kept 
at room temperature to thaw, and the ELISA test was 
performed according to the instructions provided in 
the ELISA kits of  human IL-8 (Human Interleukin-8 
ELISA Kit; MyBioSource, San Diego, USA; item code: 
MBS772139) and PR3 (Human Proteinase-3 Antibody 
ELISA Kit; MyBioSource; item code: MBS773125). The 
plates containing the saliva samples were transferred to the 
ELISA microplate reader (Anthos 2020; Biochrom  Ltd., 
Waterbeach, UK) for spectrophotometric analysis at 
a wavelength of 450 nm. All analyses were performed by 
2 experienced immunologists who were blinded to the 
sample groups. Inter-examiner reliability was evaluated 
using Cohen’s kappa coefficient (κ = 0.8).

The optical density (OD) values were converted to the 
concentration levels according to the respective standard 
curve provided by the manufacturer. Then, the salivary 
levels of  IL-8 and PR3 were quantified and reported in 
picograms per milliliter (pg/mL).

Statistical analysis 

Data was analyzed using the IBM SPSS Statistics for 
Windows software, v. 21.0 (IBM Corp., Armonk, USA). 
Numerical data was presented as mean and standard 
deviation (M ±SD). The Kolmogorov–Smirnov test was 
used to assess the normality of distribution of  the sali-
vary cytokine concentrations. The independent t test, 
the χ2 test and Fisher’s exact test were used to compare 
the 2 groups. The paired t test was also used to evaluate 
the treatment effect in the S-ECC group. The potential 
risk factors related to S-ECC were determined using the 
multiple logistic regression model. The level of  signifi-
cance was set at 0.05.

Results
A total number of  60 children were initially included 

in the study – 35 S-ECC-affected and 25 caries-free con-
trols. However, 10 patients in the S-ECC group dropped 
out of the study because of uncooperative behavior or not 
being available for post-treatment sampling. Therefore, 
the data gathered from 25 children in each group was sub-
jected to statistical analysis.

Table 1 presents the patients’ background information 
on age, gender, the dmfs score, PI, maternal education, 
and the nighttime breast/formula feeding duration and 
type. The independent t test revealed a significant differ-
ence between the 2 groups in terms of  PI (p  <  0.001). 
Furthermore, the mean values for the patient age were 
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significantly higher in the S-ECC group than in the control 
group (p  =  0.006). Conversely, there was no significant 
difference in gender distribution between the 2 groups, 
as revealed by the χ2 test (p = 0.569). The results of  the 
χ2 test also showed that the maternal educational levels 
were significantly higher in the control group than in the 
S-ECC group (p = 0.009); however, such a significant dif-
ference was not observed among fathers (p = 0.061). The 
mean duration of nighttime breast/formula feeding in the 
S-ECC group was approx. 5.6 months longer as compared 
to the caries-free group, which was considered a signifi-
cant difference (p  =  0.002). However, the type of  night-
time feeding (i.e., breast vs. formula) did not differ signifi-
cantly between the groups (p = 0.479).

Table 2 presents the mean salivary concentrations of IL-8 
and PR3 in the 2 groups. Due to the normal distribution 
of the salivary cytokine levels in each group at both time 
points shown by the Kolmogorov–Smirnov test (p > 0.05), 
the independent t test and the paired t test were used for 
further comparisons. The initial mean salivary concentra-
tions of IL-8 and PR3 in the S-ECC group were significant-
ly higher than in the caries-free group (p  <  0.001). After 
controlling for the confounding effect of age with the use 
of the analysis of covariance (ANCOVA), the 2 groups still 
showed significant differences regarding the salivary levels 
of IL-8 and PR3 (p < 0.001).

As shown in Table 3, in the S-ECC group, a significant 
reduction occurred in the cytokine levels following re-
storative treatment as compared to the baseline values 
(p  <  0.001), although the levels were still significantly 
higher than in the caries-free group (p = 0.030 for IL-8, 
and p = 0.002 for PR3).

The determination of  the possible risk factors associ-
ated with S-ECC with the use of multiple logistic regres-
sion models revealed that PI (p  =  0.018) and the dura-
tion of nighttime breast/formula feeding (p = 0.021) had 
a significant influence on the development of S-ECC. The 
odds ratio (OD) for the duration of nighttime feeding was 
calculated to be 1.3, meaning that each further month in-
creased the incidence of S-ECC by 30% (Table 4).

Table 3. Pre- and post-treatment concentrations of interleukin-8 (IL-8) and 
protease-3 (PR3) [pg/mL] in the severe early childhood caries (S-ECC) group

Cytokine  
concentration  

[pg/mL]
Time point M ±SD SE p-value

IL-8
pre-treatment 35.84 ±4.39 0.87

<0.001*
post-treatment 24.68 ±4.92 0.98

PR3
pre-treatment 242.48 ±54.33 10.86

<0.001*
post-treatment 184.72 ±37.86 7.57

* statistically significant.

Table 4. Possible risk factors for severe early childhood caries (S-ECC)

Risk factors Wald χ2 statistic p-value OR

Age 3.495 0.062 1.17

Gender 0.702 0.402 0.44

PI 5.611 0.018* 32.72

Maternal educational level 0.701 0.704 –

Paternal educational level 0.013 0.994 –

Nighttime feeding duration 5.337 0.021* 1.26

Nighttime feeding type  
(breast/formula)

0.900 0.956 –

OR – odds ratio; * statistically significant.

Table 2. Initial concentrations of interleukin-8 (IL-8) and protease-3 (PR3) [pg/mL] in the study groups

Cytokine concentration  
[pg/mL] Group M ±SD SE p-value F 

(ANCOVA)
p-value 

(ANCOVA)

IL-8
S-ECC (n = 25) 35.84 ±4.39 0.87

<0.001* 122.347 <0.001*
caries-free (n = 25) 20.00 ±3.88 0.77

PR3
S-ECC (n = 25) 242.48 ±54.33 10.86

<0.001* 122.347 <0.001*
caries-free (n = 25) 158.73 ±32.92 6.58

SE – standard error; * statistically significant.

Table 1. Patients’ background information

Group
Age 

[months] 
M ±SD

Gender 
n (%) dmfs 

score 
M ±SD

PI 
M ±SD

Maternal educational level 
n (%)

Nighttime 
feeding 
duration 
[months] 

M ±SD

Nighttime feeding type 
n (%)

boys girls
high 

school 
diploma

bachelor’s 
degree

master’s degree 
or higher breast formula both

S-ECC 
(n = 25)

53.9 ±7.2 13 (52) 12 (48) 11.8 ±3.2 1.44 ±0.46 14 (56) 5 (20) 6 (24) 18.1 ±6.9 15 (60) 2 (8) 8 (32)

Caries-free 
(n = 25)

40.5 ±6.3 15 (60) 10 (40) 0 0.93 ±0.34 4 (16) 12 (48) 9 (36) 12.5 ±4.6 18 (72) 0 7 (28)

p-value 0.006* 0.569 <0.05* <0.001* 0.009* 0.002* 0.475

M – mean; SD – standard deviation; dmfs – decayed, missed or filled surfaces in primary dentition; PI – plaque index; S-ECC – severe early childhood caries;  
* statistically significant.
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Discussion
Saliva plays an  essential role in the development and 

progression of  dental caries owing to its continuous 
and direct contact with the teeth, as well as the pre-
sence of  various immune-related factors.20 The analysis 
of  salivary cytokines is considered an  appropriate, non-
invasive method for monitoring oral conditions.9 When 
performed before and after the treatment of dental caries, 
the cytokine levels can be regarded as a suitable caries as-
sessment tool and prognostic biomarkers.2

The present study aimed to assess the salivary con-
centrations of  PR3 and IL-8 as pro-inflammatory cyto-
kines related to the neutrophil function in caries-free 
and S-ECC-affected children, and revealed significantly 
higher salivary levels of IL-8 and PR3 in the S-ECC group 
in comparison with the control group. Restoration treat-
ment in the S-ECC group resulted in a  significant de-
crease in the salivary concentrations of  these cytokines, 
although their levels were still higher as compared to the 
caries-free group, indicating the continuation of  inflam-
matory stimulation.

Few clinical studies have investigated the relationship 
between IL-8 and dental caries. Gornowicz et al. reported 
significantly higher levels of pro-inflammatory cytokines, 
i.a., IL-8, in adolescents having dental caries as compared 
to caries-free ones, confirming the role of IL-8 as an es-
sential chemokine in neutrophil chemotaxis.9 Zhao et al. 
similarly showed a  significantly higher concentration 
of  IL-8 in patients having active carious lesions.19 In 
another case–control study by Sharma et al., the salivary 
level of IL-8 was shown to be significantly higher in ECC-
affected children as compared to caries-free controls.2 
Although a significant reduction in the IL-8 levels occurred 
following dental restorations, the concentrations were 
still significantly higher than the corresponding values in 
the caries-free group.2 The results of these investigations 
are consistent with those of the present study.

On the other hand, Seyedmajidi et al. found no signifi-
cant differences in the salivary levels of IL-8 among caries-
free, ECC- and S-ECC-affected children.8 The contro-
versy between their results and the present study could be 
attributed to the differences in the age or mean dmfs score 
of the patients enrolled, and the utilization of non-para-
metric tests for statistical analysis as opposed to the less 
conservative parametric tests used in the present study.

The reduction in the levels of  IL-8 pro-inflammatory 
mediator following a  decrease in the microbial load 
may be due to the fact that cariogenic microorganisms 
are mainly Gram-positive, and their products, such as 
lipoteichoic acid (LTA), which is abundantly found in 
cariogenic streptococci, stimulate toll-like receptor 2 
(TLR2) and nucleotide-binding oligomerization domain 
(NOD) proteins, leading to the considerable production 
of IL-8.21,22 It is worth noting that due to the incapability 
of  the complement system to eliminate Gram-positive 

bacteria because of their thick cell walls, the involvement 
of neutrophils as the primary phagocytes of the immune 
system is imperative.

Limited studies have been conducted regarding the re-
lationship between the salivary levels of  PR3 and dental 
caries. Yang et al. reported lower levels of PR3 in patients 
having dental caries as compared to the caries-free group, 
and found an inverse relationship between the salivary con-
centration of PR3 and the severity of caries,12 which is in 
contrast to our results. This difference can be justified by 
a lower mean dmfs score of patients in their study (i.e., 6.3 
vs. 11.8 in the present study). One of the main tasks of PR3 
is the production and activation of antimicrobial peptides.23 
Thus, as long as dental caries is present as a source of infec-
tious bacteria, higher salivary levels and activity of PR3 are 
expected. Similar findings were reported in previous stu-
dies regarding periodontitis.24,25 Since PR3 serves as a regu-
lator of  the immune system and inflammatory reactions, 
its increased level in the S-ECC group can be considered 
a  mechanism of  host immunity to confront bacteria and 
prevent uncontrolled inflammatory responses.

To the best of  our knowledge, the effect of  treating 
carious lesions on the salivary levels of PR3 has not been 
investigated in any previous studies. Considering the 
post-treatment reduction in the salivary levels of IL-8 as 
a neutrophil chemotactic factor in the present study, the 
subsequent reduction in the PR3 levels can be attributed 
to decreased migration of  neutrophils, as the primary 
source of PR3, to the oral cavity. Furthermore, the post-
treatment care employed in the present study, includ-
ing oral hygiene instruction, nutritional counseling, and 
professional prophylaxis and fluoride therapy, may be 
responsible for further reduction of the IL-8 and PR3 
levels in the S-ECC group following restorative treatment. 
In the present study, the time interval between pre- and 
post-treatment sampling was decided to be 6–8 weeks. 
This decision was made according to a recommendation 
by Sharma et al. for using longer periods in future studies, 
since the concentrations of salivary markers are affected 
by this time interval, and elevated cytokine levels are ex-
pected with more extended duration.2

Considering the limitations of  the present study and 
the small number of clinical studies evaluating the rela-
tionship between IL-8 and PR3 and dental caries, further 
studies with larger sample sizes and longer follow-up du-
ration are required to obtain more definitive conclusions 
regarding this issue.

Conclusions
The salivary levels of  IL-8 and PR3 were significantly 

affected by the presence of  dental caries in children. 
Therefore, the analysis of these salivary cytokines can be 
considered a suitable, non-invasive method for the deter-
mination of the caries risk and treatment effectiveness.
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Abstract
Background. The coronally advanced flap (CAF) technique is the preferred option in treating recession 
defects, especially when the attached gingiva is adequate. A  laser-assisted vestibular releasing incision 
after surgery could enhance the outcome. Platelets, when used as adjunctive treatment, have shown good 
results. However, laser biostimulation post-surgery has not been studied.

Objectives. The present study compared the benefits of using the conventional and laser-assisted flap 
technique with platelet-rich fibrin (PRF) in the treatment of class I and class II gingival recession. 

Material and methods. The study included 24 subjects, both males and females. The participants, di-
agnosed with Miller’s class I and II gingival recession, were categorized into 2 groups: group A (n = 12) 
treated with CAF and PRF; and group B (n = 12) treated with laser-assisted CAF and PRF. Root coverage 
(RC), the probing depth (PD), the clinical attachment loss (CAL), and the keratinized tissue width (KTW) 
were assessed pre- and 6 months postoperatively. The wound healing index (WHI) and the visual analog 
scale (VAS) scores were assessed 1 week post-surgery.

Results. Most clinical parameters improved significantly within the groups at 6 months postoperatively 
as compared to baseline (p < 0.05), except for PD and percentage root coverage (PRC). However, when 
intergroup comparisons were made, it was observed that both groups performed equally well and the 
differences between them were not significant.

Conclusions. Both treatment modalities improved the clinical parameters post-surgery. However, further 
trials are warranted to affirm the benefits of the laser-assisted CAF technique.
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Introduction
Gingival recession is a highly prevalent problem among 

adults. It can cause esthetic impairment, dentin hyper-
sensitivity, root abrasion, and root caries.1–3 The key 
reason for this condition is inflammation within the mar-
ginal gingival connective tissue; others include traumatic 
toothbrushing, the frenal pull and the malposition of the 
teeth.4 It is always important to correct the malposition 
of  the teeth orthodontically before attempting recession 
coverage; otherwise, the treatment will not be successful. 
Many classifications are available to grade gingival reces-
sion, and it has been observed that the prognosis for grade 
1 and grade 2 gingival recession is good. Free autogenous 
grafts and pedicle grafts, such as coronally advanced flaps 
(CAFs) and semilunar flaps, have been employed to treat 
recession. Among these techniques, CAF is the common-
ly used procedure to reposition the gingiva in the coronal 
direction, providing good clinical outcomes.5–7 Acellular 
dermal matrices have also been used for root coverage 
(RC) with good results.8 Various platelet concentrates 
have been used in dentistry, including pure platelet-rich 
plasma (P-PRP), leukocyte- and platelet-rich plasma (L-
PRP) and platelet-rich fibrin (PRF), which in turn com-
prises pure platelet-rich fibrin (P-PRF), leukocyte- and 
platelet-rich fibrin (L-PRF) and injectable platelet-rich 
fibrin (I-PRF).9

Platelet-rich fibrin plays a vital role in the regeneration 
of  the lost bone and soft tissues. This biomimetic agent 
has better healing properties as compared to other plate-
let concentrates, which justifies its use in mucogingival 
procedures and the implant therapy.10,11 A  laser-assisted 
releasing incision in the vestibule after surgery aids in 

decreasing tension on the flap and promotes better heal-
ing of the surgical site. Mucogingival procedures are very 
technique-sensitive, and patients often experience pain 
after surgery. The low-level laser therapy (LLLT) allevi-
ates gingival inflammation, decreases pain and promotes 
wound healing.12 Hence, the present study compared the 
efficacy of conventional and laser-assisted CAF with PRF 
in RC.

Material and methods

Preliminary plan and ethics statement 

The study was designed as a randomized, parallel-arm 
clinical trial comparing the efficacy of  RC with the use 
of the conventional vs. laser-assisted flap technique with 
PRF in the treatment of  class I and class II gingival re-
cession. It included 24 patients and was conducted at the 
outpatient ward of  a  tertiary referral care center in Hy-
derabad, India. The study was carried out from May 2019 
to October 2020. It complied with the ethical standards 
established by the World Medical Association (WMA) 
in the Declaration of Helsinki, and was approved by the 
institutional ethics committee at the Panineeya Institute 
of Dental Sciences & Research Centre, Hyderabad, India 
(PMVIDS&RC/IEC/PERIO/DN/0218-2018). All partici-
pants were given a  detailed verbal and written descrip-
tion of the study, and a signed consent form was obtained 
from each of them. The flowchart of the study design is 
presented in Fig. 1.

Fig. 1. CONSORT (Consolidated Standards of Reporting Trials) 2010 flowchart of the study

CAF – coronally advanced flap; PRF – platelet-rich fibrin.
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Inclusion and exclusion criteria 

Patients with Miller’s class I and II recession defects on 
the anterior teeth, with the probing depth (PD) >3 mm, 
the clinical attachment loss (CAL) >5 mm and the kera-
tinized tissue width (KTW) >2 mm, were included in the 
study. Pregnant and lactating women, smokers, systemi-
cally compromised patients, subjects who had undergone 
the periodontal therapy in the last 6 months, and those 
who were on antibiotics 3 months prior to commencing 
the study (confirmed while recording the case history) 
were excluded from the study.

Sample size calculation 

As per a statistician’s suggestion, to obtain a difference 
in complete root coverage (CRC) between the groups with 
a power of 80% and a 95% confidence interval (CI), 12 pa-
tients had to be included in each group. The primary out-
come variables assessed were the recession depth (RD), 
the gingival thickness (GT) and percentage root coverage 
(PRC), whereas PD, CAL, KTW, the visual analog scale 
(VAS) score, and the wound healing index (WHI) were 
the secondary outcomes measured.

Estimation of the clinical parameters 

The recession depth, GT, PD, CAL, and KTW were as-
sessed using a Williams probe at baseline (D0), 3 months 
(D3) and 6 months (D6) post-surgery, whereas PRC was 
assessed at 1 month (D1) and 6 months(D6) post-surgery. 
The VAS scores and WHI were estimated 1 week after 
surgery.

Randomization 

One investigator (RRK) assigned the cases by random-
ly picking them out from the sealed envelopes, and the 
other investigator (MB) performed the surgeries for both 
groups. Both the patients and the statistician were blind-
ed to the assignment.

Groups 

Group A comprised 12 patients who underwent surgery 
to treat their denuded roots by CAF and PRF application 
(Fig. 2).

Group B comprised 12 patients who underwent laser-
assisted RC by CAF and PRF application (Fig. 3).

Presurgical procedure 

The patients initially received a  comprehensive peri-
odontal examination and a complete plaque control pro-
gram, including oral hygiene, to eliminate the habits relat-
ed to the etiology of recession. Scaling, root planing and 
occlusal adjustments were performed 1 month before the 
surgical protocol was implemented.

Surgical procedure 

The patient was seated comfortably on a dental chair, 
and then asked to rinse their mouth with a  1:1 ratio 
of 0.2% chlorhexidine digluconate solution. The operative 
site was anesthetized with 2% lignocaine hydrochloride 
with adrenaline (1:80,000), using the block and infiltra-
tion techniques.

Preparation of the platelet-rich fibrin membrane 

Platelet-rich fibri was harvested from a  simple blood 
sample (2 mL) drawn from the patient’s antecubital vein at 
the time of the surgical procedure. It was then treated with 
single centrifugation at 2,700 rpm for 12 min. After the 
centrifugation procedure, 3 distinct layers were formed, 
of which the intermediate layer was that of a dense PRF 
clot. The fibrin clot was easily separated from the red 
blood cell (RBC) base by using sterile tweezers and scis-
sors, with the preservation of the 2 other RBC layers. This 
dense PRF clot was used as a membrane.

Group A 

A full-thickness submarginal trapezoidal flap was raised 
with the use of blade No. 15 on the labial aspect of  the 
tooth being treated, through an intrasulcular incision ex-
tending horizontally to dissect the labial aspect of the ad-
jacent papilla. Two vertical incisions were made – one at 
the distal gingival line angle, and the other at the mesial 
line angle of the subject’s affected tooth. The submarginal 
horizontal incisions connected with the vertical incisions 
were extended up to the mucogingival junction (MGJ) 
to provide the proper displacement of the flap. The flap Fig. 2. Recession depth (RD) measurement at baseline in group A

Fig. 3. Recession depth (RD) measurement at baseline in group B
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was raised through sharp dissection. The papillae were 
de-epithelialized. Before placing the pedicle flap on the 
denuded root, thorough root planing was performed us-
ing curettes, and the prepared PRF membrane was placed 
and sutured using 4–0 resorbable sutures. The pedicle 
flap was then sutured 1 mm coronal to the cementoenam-
el junction (CEJ) of the affected tooth, using 4–0 resorb-
able sutures. A COE-PACK™ dressing was applied (Fig. 4).

Group B 

A similar surgical protocol was followed in group B, 
but an additional vestibular releasing incision was made 
using an  optical-fiber diode laser at a  power of  3 W in 
the continuous mode (Fig. 5). This procedure helped pre-
vent muscle reattachments that could hinder the outcome 
of the treatment. Photobiostimulation was performed at 
the end of the RC procedure and on day 7 with a 980 nm 
diode laser at a power of 1 W in the continuous mode for 
60 s (Fig. 6).

Postoperative protocol 

The patients were advised to take an analgesic (aceclof-
enac 100 mg, 3 times a day for 5 days) and an antibiotic 
(amoxicillin 500 mg, 3 times a day for 5 days) post-surgery, 
and instructed to refrain from toothbrushing and flossing 
until the removal of the sutures. They were also instruct-
ed to rinse their mouth with chlorhexidine mouthwash 
(0.12%) twice daily for a period of 1 month. The sutures 
were removed 7 days post-surgery (Fig. 7 and 8).

Each patient was reinstructed about proper oral hygiene 
measures, and was recalled after 1 week and thereafter 

monthly until the end of the 6th month. Scaling and oral 
hygiene reinforcement were provided at each follow-up 
visit whenever indicated until the 6th month.

Fig. 4. Surgical procedure in group A

A – placement of PRF; B – suturing of CAF.

Fig. 5. Surgical procedure in group B

A – placement of PRF; B – suturing of CAF; C – laser vestibular releasing incision.

Fig. 6. Laser biostimulation 1 week post-op in group B

Fig. 7. Post-op follow-up after 6 months in group A

Fig. 8. Post-op follow-up after 6 months in group B
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Statistical analysis 

The data was analyzed using the Microsoft Excel and 
GraphPad Prism software. the continuous data was sum-
marized as mean  and standard deviation (M ±SD). The in-
tragroup comparisons were performed using the repeated 
one-way analysis of  variance (ANOVA) for continuous 
data, followed by Bonferroni’s multiple comparison test. 
The intergroup comparisons were performed using the re-
peated two-way ANOVA for continuous data. All p-values 
less than 0.05 were considered statistically significant.

Results

Group A 

The mean RD at D0, D3 and D6 was 2.54 mm, 1.96 mm 
and 1.70 mm, respectively. It was observed that the RD 
values decreased significantly at D6 as compared to D0 
(p < 0.001). The mean CAL at D0, D3 and D6 was 4.19 mm, 
3.49 mm and 3.19 mm, respectively, and the values also 
decreased significantly between D0 and D6 (p  <  0.001). 
The mean GT at D0, D3 and D6 was 1.43 mm, 1.53 mm and 
1.57 mm, respectively, and the GT values increased sig-
nificantly from D0 to D3 and from D3 to D6 (p < 0.05). The 
mean KTW at D0, D3 and D6 was 1.97 mm, 2.65 mm and 
2.93 mm, respectively. There was a significant increase in 
the KTW values from D0 to D6 (p < 0.05). The mean PD 
at D0, D3 and D6 was 1.65 mm, 1.43 mm and 1.47 mm, 
respectively. There was no significant change from D0 to 
D6 for the PD values (p  =  0.127). The mean PRC at D3 
and D6 was 22.63% and 34.00%, respectively. There was 
no significant change in the PRC values between D3 and 
D6. Therefore, there was improvement at different time 
points for the parameters RD, GT, CAL, and KTW, but 
the PD and PRC values did not improve (Table 1).

Group B 

The mean RD at D0, D3 and D6 was 2.30 mm, 1.91 mm 
and 1.63, respectively. There was a  significant decrease 
at D6 as compared to D0 (p < 0.05). The mean GT at D0, 
D3 and D6 was 1.42 mm, 1.50 mm and 1.65 mm, respec-
tively. There was significant improvement in GT from D0 
to D6 (p < 0.05). The mean PD at D0, D3 and D6 was 1.96 
mm, 1.60 mm and 1.69, respectively. There was a signifi-
cant change in the PD values from D0 to  D6 (p < 0.05). The 
mean KTW at D0, D3 and D6 was 2.06 mm, 2.66 mm and 
2.85 mm, respectively. There was a significant increase in 
the KTW values from D0 to D6 (p < 0.05). The mean CAL 
at D0, D3 and D6 was 4.30 mm, 3.45 mm and 3.26 mm, re-
spectively. There was a significant decrease in CAL from 
D0 to D6 (p < 0.05). The mean PRC at D3 and D6 was 30.69% 
and 39.37%, respectively. There was no significant change 
in the PRC values between D3 and D6. Therefore, there was 

improvement at different time points for the parameters 
RD, PD, GT, CAL, and KTW, but the PRC values did not 
improve (Table 2).

Table 1. Intragroup comparison of the clinical parameters at different time 
points in group A (repeated one-way ANOVA and Bonferroni’s test)

Parameter Time 
point n minimum maximum M ±SD p-value

RD  
[mm]

D0 12 1.50 3.17 2.54 ±0.62

0.0003**D3 12 0.00 3.00 1.96 ±0.83

D6 12 0.00 3.00 1.70 ±0.80

GT  
[mm]

D0 12 1.00 2.00 1.43 ±0.42

0.0270*D3 12 1.00 2.00 1.53 ±0.46

D6 12 1.00 2.00 1.57 ±0.43

PD  
[mm]

D0 12 1.00 2.33 1.65 ±0.42

0.1270D3 12 1.00 2.33 1.43 ±0.47

D6 12 1.00 2.33 1.47 ±0.50

CAL  
[mm]

D0 12 2.83 5.00 4.19 ±0.73

0.0004**D3 12 2.00 5.00 3.49 ±0.96

D6 12 2.00 5.00 3.19 ±0.89

KTW  
[mm]

D0 12 0.00 3.67 1.97 ±0.98

0.0060*D3 12 1.00 5.00 2.65 ±1.01

D6 12 1.67 4.00 2.93 ±0.77

PRC 
 [%]

D3 12 0.00 100.00 22.63 ±27.61
0.1310

D6 12 –5.57 100.00 34.00 ±32.38

M – mean; SD – standard deviation; RD – recession depth; GT – gingival 
thickness; PD – probing depth; CAL – clinical attachment loss;  
KTW – keratinized tissue width; PRC – percentage root coverage; time points:  
D0 – at baseline; D3 – at 3 months post-op; D6 – at 6 months post-op;  
* statistically significant (p < 0.05); ** highly statistically significant (p < 0.001).

Table 2. Intragroup comparison of the clinical parameters at different time 
points in group B (repeated one-way ANOVA and Bonferroni’s test)

Parameter Time 
point n minimum maximum M ±SD p-value

RD  
[mm]

D0 12 1.00 5.00 2.30 ±1.16

0.0020*D3 12 0.17 5.00 1.91 ±1.38

D6 12 0.00 5.00 1.63 ±1.41

GT  
[mm]

D0 12 0.75 2.00 1.42 ±0.41

0.0090*D3 12 1.00 2.00 1.50 ±0.40

D6 12 1.25 2.00 1.65 ±0.28

PD  
[mm]

D0 12 1.00 3.00 1.96 ±0.45

0.0190*D3 12 1.00 3.00 1.60 ±0.62

D6 12 1.00 3.00 1.69 ±0.63

CAL  
[mm]

D0 12 2.33 7.00 4.30 ±1.31

0.0004**D3 12 1.17 7.00 3.45 ±1.77

D6 12 1.00 7.00 3.26 ±1.75

KTW  
[mm]

D0 12 0.00 3.67 2.06 ±1.14

0.0020*D3 12 0.00 5.00 2.66 ±1.60

D6 12 0.00 4.67 2.85 ±1.47

PRC 
 [%]

D3 12 –12.50 87.50 30.69 ±33.88
0.1450

D6 12 0.00 100.00 39.37 ±37.40

* statistically significant (p < 0.05).
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Intergroup comparison of RD, GT and PD 
in groups A and B 

The mean RD in group A at D0, D3 and D6 was 2.54 mm, 
1.96 mm and 1.70 mm, respectively, and in group B, it was 
2.30 mm, 1.91 mm and 1.63 mm, respectively. Upon in-
tergroup comparison, the differences in results were not 
significant. The mean GT in group  A at D0, D3 and D6 
was 1.43 mm, 1.53 mm and 1.57 mm, respectively, and in 
group B, it was 1.42 mm, 1.50 mm and 1.65 mm, respec-
tively, showing no significant differences upon intergroup 
comparison The mean PD in group A at D0, D3 and D6 was 
1.65 mm, 1.43 mm and 1.47, respectively, and in group 
B, it was 1.96 mm, 1.60 mm and 1.69 mm, respectively, 
showing no significant differences between the groups 
(Table 3).

Intergroup comparison of CAL, KTW and 
PRC in groups A and B 

The mean CAL in group A at D0, D3 and D6 was 4.19 
mm, 3.49 mm and 3.19 mm, respectively, and in group 
B, it was 4.30 mm, 3.45 mm and 3.26, respectively, with 
no significant differences between the groups. The mean 
KTW in group A at D0, D3 and D6 was 1.97 mm, 2.65 mm 
and 2.93 mm, respectively, and in group B, it was 2.06 mm, 
2.66 mm and 2.85 mm, respectively, showing no signifi-
cant differences. The mean PRC in group A and group B 
at D3 was 22.63% and 30.69%, respectively, and at D6, it 
was 34.00 and 39.37%, respectively. Thus, the CAL, KTW 
and PRC values also did not show statistically significant 
differences upon intergroup comparison (Table 4).

Intergroup comparison of the VAS scores 
and WHI in groups A and B 

The mean VAS score at 1 week for group A was 2.29, 
and for group B, it was 2.17. The mean WHI score at 
1 week for group A was 3.13, and for group B, it was 3.42. 
There were no significant differences between the groups 
for either of these parameters (Table 5).

Discussion
Gingival recession is a  very common problem associ-

ated with esthetic and functional impairment. Thus, the 
achievement of CRC is the goal of every clinician.13

The CAF technique as a  treatment option was intro-
duced by researchers nearly a  century ago. Thereafter, 
other modalities of  RC were implemented. The proper 
case selection is vital for obtaining a successful outcome. 
The parameters to be assessed include RD, the recession 
width (RW), the vestibular depth, KTW, the width and 
height of  the interdental soft tissue, and the insertion 
of the frenulum.14,15

The present study was conducted to evaluate the effica-
cy of the conventional CAF with PRF vs. the laser-assisted 
CAF with PRF in the treatment of class I and class II gin-
gival recessions. Laser biomodulation was implemented 
after the laser-assisted CAF; this study is among the few 
studies that have examined RC, employing this principle.

The CAF technique as a  treatment option has yield-
ed very good results pertaining to PRC, as well as color 
matching to the adjacent tissues.16 Moreover, it has been 

Table 3. Intergroup comparison of the recession depth (RD), the gingival thickness (GT) and the probing depth (PD) at different time points (repeated two-way ANOVA)

Parameter Group Time point n minimum maximum M ±SD p-value

RD [mm]

conventional
D0

12 1.50 3.17 2.54 ±0.62
0.539

laser 12 1.00 5.00 2.30 ±1.16

conventional
D3

12 0.00 3.00 1.96 ±0.83
0.918

laser 12 0.17 5.00 1.91 ±1.38

conventional
D6

12 0.00 3.00 1.70 ±0.80
0.882

laser 12 0.00 5.00 1.63 ±1.41

GT [mm]

conventional
D0

12 1.00 2.00 1.43 ±0.42
0.958

laser 12 0.75 2.00 1.42 ±0.41

conventional
D3

12 1.00 2.00 1.53 ±0.46
0.862

laser 12 1.00 2.00 1.50 ±0.40

conventional
D6

12 1.00 2.00 1.57 ±0.43
0.607

laser 12 1.25 2.00 1.65 ±0.28

PD [mm]

conventional
D0

12 1.00 2.33 1.65 ±0.42
0.100

laser 12 1.00 3.00 1.96 ±0.45

conventional
D3

12 1.00 2.33 1.43 ±0.47
0.444

laser 12 1.00 3.00 1.60 ±0.62

conventional
D6

12 1.00 2.33 1.47 ±0.50
0.362

laser 12 1.00 3.00 1.69 ±0.63
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proven to be efficacious in the treatment of multiple gin-
gival recessions, with good esthetic results.17

Platelet-rich fibrin helps increase the efficacy of  CAF, 
as PRF is rich in growth factors that are released within 
7–28 days. The membrane acts as a barrier that prevents 
the ingress of gingival epithelial cells into the defect. Fur-
thermore, it plays a direct role in increasing angiogenesis 
and modulating tissue healing, and helps ward off inflam-
mation.18,19

Pioneers in research related to PRF conducted a  bio-
logical assay.20 They performed a  comparative study to 
evaluate the roles of  transforming growth factor beta 1 
(TGFβ-1), insulin-like growth factor 1 (IGF-1), platelet-
derived growth factor (PDGF-BB) in the platelet-poor 
plasma (PPP) supernatant, and the PRF clot exudate se-
rum. The study revealed that PRF slowly polymerized fi-
brin, leading to the incorporation of glycanic chains and 
platelet concentrates in the fibrin mesh. Hence, PRF has 
the added advantage of  continuous slow release of  cy-
tokines during tissue remodeling, thus accelerating its 
wound healing properties.20

Eren and Atilla conducted a split-mouth trial wherein 22 
patients with class I or class II gingival recession partici-
pated.21 Forty-four defects were evaluated after receiving 
either CAF with PRF (test group: 22 defects) or CAF with 
the subepithelial connective tissue graft (SCTG) (control 

group: 22 defects). All the clinical parameters pertaining 
to RC were assessed preoperatively and 6 months post-
operatively. The RD, RW, recession area (RA), and KTW 
were calculated on standardized photographs, using digi-
tal image analysis software. The results indicated that 
both groups performed equally well, with no significant 
differences between them, prompting the use of PRF as 
an alternative to SCTG in localized gingival recessions.21

Another clinical study was conducted to ascertain the 
potential benefits of  using PRF with the modified CAF 
for the treatment of  gingival recession.22 For this split-
mouth research, 12 patients with Miller’s class I and class 
II gingival recession in 2 non-adjacent anterior teeth were 
chosen. One tooth with gingival recession was subjected 
to modified CAF, while the other was treated with CAF 
with PRF. The changes in parameters (RD, RW, GT, and 
CAL) from 1 month to 3 months and 6 months within 
the groups were statistically non-significant. Upon inter-
group comparison, only the change in GT was found to be 
statistically significant in the CAF + PRF group.22

Potey  et  al. conducted a  split-mouth trial to evalu-
ate and compare the effectiveness of CAF with or with-
out the use of PRF membrane in the treatment of mul-
tiple adjacent recession defects (MARD) clinically and by 
means of  cone-beam computed tomography (CBCT).23 
Twenty healthy patients having 75 MARD were allocated 

Table 4. Intergroup comparison of the clinical attachment loss (CAL), the keratinized tissue width (KTW) and percentage root coverage (PRC) at different time 
points (repeated two-way ANOVA)

Parameter Group Time point n minimum maximum M ±SD p-value

CAL [mm]

conventional
D0

12 2.83 5.00 4.19 ±0.73
0.798

laser 12 2.33 7.00 4.30 ±1.31

conventional
D3

12 2.00 5.00 3.49 ±0.96
0.954

laser 12 1.17 7.00 3.45 ±1.77

conventional
D6

12 2.00 5.00 3.19 ±0.89
0.906

laser 12 1.00 7.00 3.26 ±1.75

KTW [mm]

conventional
D0

12 0.00 3.67 1.97 ±0.98
0.849

laser 12 0.00 3.67 2.06 ±1.14

conventional
D3

12 1.00 5.00 2.65 ±1.01
0.989

laser 12 0.00 5.00 2.66 ±1.60

conventional
D6

12 1.67 4.00 2.93 ±0.77
0.722

laser 12 0.00 4.67 2.85 ±1.47

PRC [%]

conventional
D3

12 0.00 100.0 22.63 ±27.61
0.530

laser 12 –12.50 87.50 30.69 ±33.88

conventional
D6

12 –5.57 100.00 34.00 ±32.38
0.711

laser 12 0.00 100.00 39.37 ±37.40

Table 5. Intergroup comparison of the visual analog scale (VAS) and wound healing index (WHI) scores at 1 week (D1) post-op (repeated two-way ANOVA)

Parameter Group Time point n minimum maximum M ±SD p-value

VAS
conventional

D1

12 1.00 3.00 2.29 ±0.69
0.715

laser 12 1.00 4.00 2.17 ±1.03

WHI
conventional

D1

12 2.00 4.00 3.13 ±0.61
0.362

laser 12 2.00 5.00 3.42 ±0.90



M. Bommala et al. Efficacy of PRF and laser in root coverage590

randomly to the CAF + orthodontic button group (CAFB) 
or the CAFB + PRF membrane group (CAFB + PRF). No 
notable differences were observed between the groups re-
garding PRC, RD, PD, or CAL. The use of PRF resulted in 
a highly significantly increased GT at 6 months, indicat-
ing that CAFB can be successfully used to treat MARD 
with predictable outcomes.23

Bhattacharya et al. performed a study to assess the ef-
ficacy of PRF collected in silica (SiO2) tubes or titanium 
(Ti)-coated tubes, using immunohistochemistry (IHC).24 
The results showed that in the Ti group, the IHC staining 
was better, with more T cells, B lymphocytes and plate-
lets. It was concluded that Ti PRF was better than silica 
PRF in periodontal regeneration.24

In the current study, the use of  PRF resulted in im-
proved RD, GT, PD, CAL, and KTW in both groups.

The laser-assisted CAF procedure was used in the pa-
tients allocated to group B. A laser-assisted vestibular re-
leasing incision was made (980 nm diode laser at a power 
of 3 W). A relieving incision was made superficially, 7 mm 
apical to the gingival margin, which minimized tension on 
the flap, and also prevented muscle reattachments during 
the tissue remodeling phase. Due to the dual advantages 
of this technique, it is anticipated that RC would be bet-
ter and more stable.25 However, no documented studies 
are available to report the benefits of the laser vestibular 
releasing incision approach.

It was observed in the current study that the patients 
in group B performed equally well as those allocated to 
group A.

The benefits of using LLLT to facilitate wound healing 
have been reported in many studies. The therapy consists 
in biostimulation or biomodulation, and is based on the 
principle that irradiation at a specific wavelength is able 
to alter cellular behavior. The mitochondrial cellular re-
spiratory chain is stimulated and the membrane calcium 
(Ca) channels are activated, thus enhancing tissue metab-
olism and proliferation.26

The major changes observed in the wounds treated with 
LLLT include increased granulation synthesis, enhanced 
neovascularization of tissue, and increased fibroblast pro-
liferation, maturation, attachment, and matrix synthesis. 
The tensile strength of flap margins after LLLT has been 
reported to increase, preventing the collapse of the heal-
ing wound, and thus minimizing soft tissue recession.27

In another study comparing outcomes when using 
an additional external vestibular releasing incision made 
with a diode laser or a scalpel along with a laterally posi-
tioned flap, the authors reported reduced patient discom-
fort in the laser incision group.28

A systematic review conducted by Yan  et  al. showed 
that after applying light irradiation to gingival recession, 
the outcomes of CRC ranged from 70% to 90%.29 Thus, 
a  higher CRC was found in the experimental group as 
compared to the group that did not undergo laser treat-
ment following surgery. However, the pooled analysis 

from this meta-analysis related to CRC found that there 
was no significant difference between the 2 groups based 
on the 6- and 12-month results (p = 0.300 and p = 0.160, 
respectively).29 In accordance with the results of  the re-
view, CRC in the present study was similar between the 2 
groups at 6 months postoperatively. A trend regarding the 
shift of gingival margins over time has been observed in 
previous studies.30,31

Aleksić et al. conducted a study to evaluate WHI with 
regard to the use of  PRF and connective tissue graft 
(CTG) in the treatment of recession defects.32 It was ob-
served that there was less patient discomfort and better 
acceptance with faster healing in the PRF group as com-
pared to the CTG group.32 In the present study, the mean 
WHI scores in the conventional and laser groups at 1 
week were 3.13 and 3.42, respectively, showing no signifi-
cant difference. The results could be due to the use of the 
PRF membrane, which is known to release various pro-
inflammatory cytokines, such as interferon gamma (IFγ), 
tumor necrosis factor alpha (TNFα), interleukin 1 beta 
(IL-1β), and IL-6, which help in T cell differentiation, and 
growth factors, such as vascular endothelial growth factor 
(VEGF), PDGF, fibroblast growth factor (FGF), TGF, and 
IGF, which act as anti-inflammatory agents and promote 
faster healing.33

Pain control following the operation is a necessary part 
of  periodontal treatment. This pain results from tissue 
trauma and the release of  inflammatory mediators, and 
reaches its highest peak following the cessation of  local 
anesthesia. The analgesic mechanism of low-level laser is 
not yet clear. However, several studies have pointed out 
that light interference may be the cause of physiological 
changes in numerous cell types. Low-level laser can mod-
ify the inflammatory process in a  dose-related manner; 
hence, it can reduce inflammatory pain. In acute pain, the 
optimal outcome is reached when low-level laser is pre-
scribed within the first 72 h following the operation.34

Another split-mouth randomized clinical trial (RCT) 
evaluated the benefits of  laser application in 12 patients 
after palatal graft harvesting.35 In the test group, follow-
ing the free gingival graft procedure, a 660 nm diode laser 
with a  power of  200 mW was applied to the target site 
for 32 s. This was repeated on days 1, 2, 4, and 7 postop-
eratively. In the control group, sham laser was used in the 
same way. To evaluate the amount of epithelialization and 
for clinical repair observations, photographic images were 
used. The amount of sedative drugs taken was recorded to 
assess the pain scale on day 14. The palatal wound in the 
laser-applied group was significantly better healed than in 
the control group regarding clinical repair and epitheliali-
zation. Then, on day 21, the amount of epithelialization 
was significantly better in the laser-applied group than in 
the control group. However, the 2 groups showed no sig-
nificant differences in the amount of sedative drug used 
and bleeding. The authors concluded that low-level laser 
might heal the wound in the palatal graft site.35



Dent Med Probl. 2023;60(4):583–592 591

In the current study, the VAS scores were assessed in 
both group A and group B 1 week postoperatively. It was 
observed that in group A, the score was 2.29, and in group 
B, it was 2.17, showing no significant difference between 
the groups.

Hence, the present study showed improvement in RD, 
GT, CAL, and KTW, but the differences in the values 
of these parameters between the groups were not statisti-
cally significant. The results obtained were in accordance 
with earlier studies.36,37 However, the PRC values did not 
show significant improvement in this study, which was 
also observed in previous research.38

Limitations 

The follow-up period for the groups in this study was 
6 months. The results could have been more significant if 
the follow-up had been carried out for 9 months.

Conclusions
This study showed improvement in RD, GT, CAL, and 

KTW, although both groups performed equally well. Per-
haps the validity of  the study could have been strength-
ened by increasing the sample size as well as conducting 
the study for a longer period of time. The benefits of us-
ing laser for both the vestibular releasing incision and 
biomodulation have to be confirmed by conducting more 
clinical trials.
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Abstract
Background. Teledentistry is a field of telemedicine that combines digital technology and clinical den-
tistry, enabling remote communication between dentists and patients.

Objectives. The aim of the present study was to evaluate the knowledge and awareness of dentists and 
patients about teledentistry in Turkey. 

Material and methods. This cross-sectional study was conducted among general and specialist den-
tists in Turkey, and dental patients in Edirne, Turkey. A questionnaire prepared in Google Docs was shared 
virtually among Turkish dentists, as well as administered to the patients referred to the university dental 
clinic in Edirne.

Results. Among the 336 dentists participating in the study, 69.9% were female, 39.6% were working 
in the profession for 1–5 years, and 48.5% were specialist dentists. A total of 86.9% of dentists stated 
they would like to use teledentistry for radiological examinations, some follow-up examinations, and for 
follow-up during holidays. There were 21.1% of dentists who thought that teledentistry practices could be 
the new standard of oral healthcare, and only 34.0% were willing to try such practices. Among the 447 
patients in the study, 49.9% were female, 79.0% were aged 20–44 years, and 54.4% had middle income. 
There were 74.5% of  patients who stated that it would be easier to communicate with the dentist via 
a teledentistry application, 80.3% of patients in the underserved regions stated it would facilitate access 
to the dentist, 76.3% of patients stated that it would reduce costs, and 88.8% of patients thought that this 
method could help overcome the problem of isolation during the coronavirus disease 2019 (COVID-2019) 
pandemic period.

Conclusions. Based on the results, it can be said that the teledentistry approach would provide con-
venience for both dentists and patients in terms of dentist–patient communication, cost and efficiency 
of dental care.

Keywords: oral health, questionnaire, awareness, teledentistry
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Introduction
The rapid development of  communication technolo-

gies over the years has led to a different dimension of the 
service exchange between healthcare professionals and 
patients in the healthcare system. Telehealth encom-
passes all medical activities, such as diagnosis, treatment, 
disease monitoring and prevention, continuing the edu-
cation of  healthcare providers and consumers, and re-
search and evaluation.1 The term telemedicine refers to 
health services that are provided in the form of synchro-
nous (voice or video calls) or asynchronous (store-and-
forward) interactions, using electronic communication 
technologies instead of the patient and doctor meeting in 
person.2,3 Teledentistry is a  branch of  telemedicine that 
can be applied in all fields of dentistry, such as oral and 
dental care, consultation, and remote patient monitor-
ing and treatment planning, in order to improve oral and 
dental health. It uses health information technology and 
telecommunication systems.4,5

Teledentistry as a novel approach was widely used dur-
ing the coronavirus disease 2019 (COVID-19) pandemic.6 
It involves several issues, such as consulting potential 
new patients, reviewing the results of treatment, pre-in-
terviewing emergency patients, and it also can be used as 
an initial screening tool. The advantages of teledentistry 
include the remote control of fast and recordable data, si-
multaneous communication with many people, and the 
reduction of  hospital costs and patient waiting time.7,8 
Through teledentistry applications, shortening the time 
to reach a  specialist can prevent delays in the diagnosis 
and treatment of  diseases.9,10 Teledentistry also has the 
potential to address disparities in oral healthcare between 
rural and urban communities.11,12 Thus, it can contribute 
to the improvement of patients’ quality of life.

Research has shown that teledentistry has a high level 
of  sensitivity and specificity.13,14 Queyroux  et  al. found 
much consistency between the clinical examination, 
which is the gold standard, and teledentistry in their 
study.15 It has also been reported that the positive predic-
tive value and the accuracy rate in teledentistry, as well 
as the sensitivity of  teledentistry applications, are quite 
high.16,17

Concerns about data quality and security, the reim-
bursement procedures, necessary technical infrastruc-
ture, the licensing of  the programs to be used, the risk 
of  violation of  the patient’s privacy, appropriate and se-
cure Internet support for data, image and voice transmis-
sion, and the inherent risk of improper diagnosis are the 
issues to be considered with regard to the increasing use 
of teledentistry practices.18–20 One of the obstacles to the 
adoption of teledentistry practices by patients and physi-
cians may be the lack of information on this subject.21

The aim of the present study was to evaluate the knowl-
edge and awareness of  dentists and patients about tele-
dentistry in Turkey.

Material and methods

Methods 

Ethics approval for the study was obtained from the medi-
cal research ethics committee at the Faculty of Medicine 
of  Trakya University, Edirne, Turkey (TUFT-BAEK 
2020/319). The study was conducted in accordance with 
the tenets of the Declaration of Helsinki. Informed written 
consent was obtained from the patients and dentists, and 
the confidentiality of the answers was assured.

This cross-sectional study was conducted among gen-
eral and specialist dentists in Turkey, and dental patients 
in Edirne. After a questionnaire (Table 1) was prepared in 
Google Forms, we collected the emails of dentists in Tur-
key and shared the questionnaire virtually with them. We 
also asked patients who had been referred to the universi-
ty dental clinic in Edirne between November 11, 2020 and 
April 2, 2021 to complete the survey (Table 2). The inclu-
sion criteria for dentists were as follows: residing in Tur-
key; working within the borders of Turkey; having gradu-
ated from any faculty of dentistry in Turkey; and having 
access to electronic media. The inclusion criterion for pa-

Table 1. Questionnaire for dentists

No. Questions for dentists

1. Gender

2. Years of occupation

3. Employment institution

4. Professional specialty

5. Have you heard of teledentistry applications before?

6. I know the concept of teledentistry.

7. I think that teledentistry practices can be useful.

8.
In which situations would you prefer to use a teledentistry 
application?

9. Teledentistry practices may violate the patient’s privacy.

10.
Talking to the patient in person combined with teledentistry 
practices can be helpful.

11. Teledentistry practices could be time-saving.

12. Teledentistry practices could be profitable.

13.
My follow-up appointments could be better with the use 
a teledentistry application.

14.
Teledentistry practices could be the standard way of providing oral 
healthcare.

15.
Teledentistry can make it easier for me to communicate with the 
patient.

16.
If I were using a teledentistry application, I could not always rely on 
the accuracy of the patient information entered into the system.

17.
At some point in my professional life, I would like to provide health 
services with the use of a teledentistry application.

18.
I would like the address information of the institution I work for to 
be shared with the patient through a teledentistry application.

19.
I would like to share information about the patient’s treatment 
needs with other physicians or to guide the patient through 
a teledentistry application.
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tients was having been examined at the Trakya University 
Oral and Dental Health Practice and Research Center.

Sample size 

According to the Turkish Dental Association and the 
Turkish Statistical Institute 2019 report, 38,948 dentists 
were living within the borders of Turkey, and the popula-
tion of Edirne was 413,903. With a 95% confidence inter-
val (CI) and a margin of error of 5%, at least 320 dentists 
and 394 patients were found to be required as the sample 
size. Considering the missing data, 370 dentists and 450 
patients were planned to participate in the study.

Results
The distribution of the 336 dentists participating in the 

study regarding gender, the duration of employment, and 
the institutions they were working for is summarized in 
Table 3. The distribution of  dentists according to their 
specialties is shown in Fig. 1. Among the dentists partici-
pating in the study, 69.9% were female, 39.6% were work-
ing in the profession for 1–5 years, and 48.5% were spe-
cialist dentists.

There were 86.9% of  dentists who stated that they 
would like to use teledentistry for radiological examina-
tions, some follow-up examinations, and for follow-up 
during holidays; 82.4% stated they would like to discuss 
patients with other dentists or use the function of asking 
for opinions through teledentistry applications. However, 
66.1% of dentists thought that follow-up with a teleden-

tistry application would not be sufficient, 85.4% thought 
they would have a problem of trust in the patient informa-
tion obtained in this way, and 46.4% thought they might 
experience patient confidentiality violation.

As a result, 21.1% of dentists thought that teledentistry 
practices could be the new standard of  oral healthcare, 
and only 34.0% were willing to try these practices.

The effects of gender, years of  experience, institution, 
and specialization on the dentists’ awareness of teleden-
tistry practices, their willingness to try teledentistry prac-
tices, as well as the possibility of employing teledentistry 
as a standard practice in oral healthcare were evaluated. 
The effects of these factors are summarized in Table 3.

Accordingly, while there was no difference between 
genders in terms of  being aware, it was observed that 
those who had worked longer, were specialist dentists, 

Table 2. Questionnaire for patients

No. Questions for patients

1. Gender

2. Age

3. Educational level

4. Monthly income

5.
How satisfied would you be if there was an online (teledentistry) 
remote examination for dental patients?

6.
The teledentistry program can make it easier for me to 
communicate with the dentist.

7. Using teledentistry, my dentist can do my check-ups well enough.

8. Teledentistry can contribute to regular dental examinations.

9.
A dental examination with teledentistry is as accurate as during 
a face-to-face meeting.

10. Teledentistry can reduce the cost of dental services.

11. Teledentistry can be a time saver for me.

12.
Teledentistry can improve access to specialists in rural and 
underserved communities.

13.
Considering the COVID-19 pandemic, teledentistry, which reduces 
contact with the patient, can help overcome the problem of isolation.

14. Can teledentistry violate your privacy?

COVID-19 – coronavirus disease 2019.

Fig. 1. Distribution of the dentists according to their specialties

Table 3. Distribution of the dentists included in the study by gender, years 
of occupation and the employement institution, and the effects of these 
factors on the awareness of teledentistry

Factors
Percentage  

of all dentists 
[%]

I am aware 
of teledentistry 

[%]
p-value

Gender
male 30.1 30.7

0.654
female 69.9 33.2

Years 
of occupation

1–5 39.6 20.3

0.002*

6–10 19.9 43.3

11–15 10.4 45.7

16–20 6.8 43.5

>20 23.3 34.6

Employment 
institution

university 31.3 42.9

0.010*

PHDODHC 10.1 41.2

polyclinic 29.8 22.0

private clinic 27.1 27.5

other 1.7 50.0

Specialty
yes 48.5 41.1

0.001*
no 51.5 24.3

PHDODHC – Provincial Health Directorate Oral and Dental Health Center;  
* statistically significant (p < 0.05).



N. Özveren et al. Knowledge and awareness about teledentistry596

or were working at a university or the Provincial Health 
Directorate Oral and Dental Health Center (PHDODHC) 
were more likely to be aware of teledentistry practices.

It was determined that the same factors did not have 
a  significant effect on the dentists’ views regarding the 
possibility of teledentistry becoming a standard practice 
in oral healthcare and their willingness to try teledentistry 
practices (p > 0.05).

The distribution of  the 447 patients who participated 
in the study regarding gender, age, the educational status, 
and the income status is summarized in Table 4. There 
were 49.9% of participants in the study who were female, 
79.0% were aged 20–44 years, and 54.4% had middle in-
come. The educational status of the patients is shown in 
Fig. 2.

Among the patients, 74.5% stated that it would be easier 
to communicate with dentists via a teledentistry applica-
tion, 80.3% of patients in underserved regions responded 
that it would facilitate access to the dentist, 71.4% of pa-
tients stated that teledentistry practices would contrib-
ute to regular dental examinations, 79.0% of  patients 
indicated that teledentistry could save time, 76.3% of pa-
tients stated that it would reduce costs, and 88.8% of the 
patients thought that this method could help overcome 
the problem of isolation during the COVID-19 pandemic 
period. However, 51.0% of  patients stated that follow-
up with the use of teledentistry would not be sufficient, 
62.2% of patients indicated that the interviews conducted 
through a  teledentistry application would not be as ac-
curate as face-to-face interviews, and 24.8% of  patients 

marked that they might experience personal information 
privacy violation. As a result, 38.9% of patients reported 
that they would be satisfied with the use of teledentistry 
applications.

The effects of gender, age, educational level, and income 
level on the positive views of patients regarding teleden-
tistry practices were examined. The effects of  these fac-
tors are summarized in Table 4.

Accordingly, different income and education levels did 
not significantly affect the attitude toward teledentistry; 
however, it was observed that males and those who were 
relatively older had a more positive perspective.

Discussion
To the best of our knowledge, this is the first study to 

evaluate the perceptions of patients and clinicians in Tur-
key regarding teledentistry. It provides insight into the 
level of knowledge, awareness and experience of teleden-
tistry among Turkish dentists and patients. This question-
naire study included 336 dentists from different regions 
of the country and 447 patients from one city in Turkey.

Teledentistry is a novel method of health service deliv-
ery that enables dentists to triage patients and conduct 
follow-up,21 as well as to give advice and reassurance 
when necessary.22 Consistent with other studies in the 
literature,22–27 our results show positive and promising 
results for the future of teledentistry, as both patients and 
dentists alike seem to find merits in this service.

In the present study, 33.2% of the participating female 
dentists and 30.7% of the male dentists reported that they 
were aware of teledentistry. There were 86.9% of dentists 
who stated that they would like to use teledentistry for 
radiological examinations, some follow-up examinations, 
and for follow-up during holidays. Among the dentists, 
66.1% thought that follow-up with a  teledentistry ap-
plication would not be sufficient, 85.4% thought they 
would have a  problem of  trust in the patient informa-
tion obtained in this way, and 46.4% thought they might 

Fig. 2. Educational status of the patients

Table 4. Distribution of the patients included in the study by gender, age, 
educational level, and income level, and the effects of these factors on 
a positive attitude toward teledentistry practices

Factors

Percentage 
of all  

patients  
[%]

I would be satisfied 
with the use 

of teledentistry 
by dentists  

[%]

p-value

Gender
male 50.1 43.8

0.036*
female 49.9 34.1

Age 
[years]

20–44 79.0 38.0

0.019*
45–54 14.5 32.3

55–64 4.5 65.0

>64 2.0 66.7

Educational 
level

uneducated 1.8 37.5

0.126

primary 
school

24.2 47.2

high school 33.6 34.0

university 32.9 35.4

PhD/master’s 
degree

7.5 50.0

Income 
level

low 19.5 40.2

0.001*middle 54.4 39.9

high 26.1 38.9

* statistically significant (p < 0.05).
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experience patient confidentiality violation. There were 
21.1% of dentists who thought that teledentistry practices 
could be the new standard of  oral healthcare, and only 
34% were willing to try these practices. Among special-
ists, 41.1% were aware of teledentistry.

In a study by Subhan et al., it was observed that 62.5% 
of  dentists did not know about teledentistry before 
COVID-19, but most of  them (68.6%) now have knowl-
edge about it.24 Almazrooa  et  al. reported that 83.0% 
of dentists were sure that teledentistry could improve dai-
ly dental practice.25 Al-Khalifa and AlSheikh reported that 
more than 70.0% of respondents agreed that teledentistry 
would improve dental practice by increasing peer com-
munication, mentoring and the referral of new patients.26 
There were 80.0% of  respondents who were concerned 
about confidentiality.26 In a study by Abbas et al., 72.4% 
of dentists reported that they were aware of  teledentist-
ry, and 76.0% reported that teledentistry could be really 
helpful in health education.28 According to the opinion 
of 35.9% of dentists, teledentistry could be used in every 
branch of dentistry, and 88.2% of  respondents respond-
ed that teledentistry could be useful in improving access 
to oral health services. Raucci-Neto  et  al. reported that 
89.5% and 81.4% of general practitioners and specialists, 
respectively, had no previous experience with teledentist-
ry.29 There were 38.9% of dentists who also had superfi-
cial information. Among the dentists, 37.7% believed that 
there would be difficulties when using teledentistry, and 
48.9% thought that teledentistry would not be fully effec-
tive.29 In a study by Pradhan et al., 96.1% of postgraduate 
students were aware of teledentistry.30 There were 58.4% 
of  respondents who thought that teledentistry helped 
with consulting a  specialist about a  particular patient’s 
problem.30

When evaluated in terms of patients, the results of the 
current study were as follows: 74.5% of  patients men-
tioned that it would be easier to communicate with the 
dentist via a  teledentistry application, 80.3% of  the pa-
tients in the underserved regions responded that it would 
facilitate access to the dentist, 71.4% of patients said that 
teledentistry practices would contribute to regular dental 
examinations, 79.0% of  patients indicated that teleden-
tistry practices could save time, 76.3% of patients stated 
that it would reduce costs, and 88.8% of patients thought 
that this method could help overcome the problem of iso-
lation during the COVID-19 pandemic period. However, 
51.0% of patients stated that follow-up with teledentistry 
would not be sufficient, 62.2% of patients indicated that 
the interviews conducted through a teledentistry applica-
tion would not be as accurate as face-to-face interviews, 
and 24.8% of patients marked that they might experience 
personal information privacy violation. There were 38.9% 
of patients who reported that they would be satisfied with 
the use of teledentistry applications.

In a study by Byrne and Watkinson, 76.0% of patients 
said that remote consultation was more convenient than 

face-to-face consultation, and 66.0% stated that they 
would like more such appointments to be made in the fu-
ture, if appropriate.31 In a  study by Menhadji  et  al., the 
majority of  patients (83.4%) agreed that it was easy to 
make an appointment online, and 84.9% of patients found 
it easy to follow appointment instructions.23 The majority 
of patients (70.7%) strongly agreed that their video con-
sultation was uneventful. Only a small number of patients 
(2.1%) strongly disagreed about a  better understanding 
of  their dental condition. The majority (59.2%) strongly 
agreed that the dentist told the patient everything he 
needed to know, and thus answered all questions. Among 
patients, 64.0% thought that the consultation was com-
prehensive.23 Rahman et al. stated that patients using the 
virtual clinic and telephone consultation were satisfied 
with their experience at 97% and 94%, respectively.27 All 
participants agreed with the statement that teledentistry 
would be very useful in saving time, and a significant pro-
portion (96.0%) would use it again in light of COVID-19.27

As a result of the literature review, different results were 
found among studies. The reason for this situation may 
be that the studies were carried out in different countries, 
under different conditions (infrastructure, dental educa-
tion curriculum, etc.), and with different characteristics 
of the participants included in the study (the educational 
status, the income status, etc.).

Based on the results of the present study, the use of the 
teledentistry approach can enable earlier access to health-
care, provide specialist care, minimize work time, and 
reduce traveling long distances for consultation.26 For 
healthcare providers, it has the potential to eliminate 
inappropriate referrals31 and reduce long waiting lists.32 
Thanks to teledentistry applications, whci allow remote 
communication, the risk of  infection, specifically cross-
infection between patients, healthcare workers and other 
people, can be reduced.33 However, there are some chal-
lenges, limitations and legal issues to be considered with 
regard to teledentistry, as there are concerns about reim-
bursement, logistics, licensing regulations, costs, the lack 
of a physical examination, and data quality and security 
according to each country’s rules.1,34,35 While applying 
teledentistry, it is necessary to comply with state laws and 
the principles of practice.34 It is very important to estab-
lish a well-equipped technological infrastructure system 
to ensure adequate service and security regarding the ex-
change of patient data.35–38

Limitations 

The strengths of this study are the large sample size with 
different employment institutions, a  high response rate, 
and the recording of  opinions for both dentists and pa-
tients. However, there are also some limitations associated 
with the characteristics of survey studies. This study pro-
vided information about the teledentistry knowledge and 
awareness of patients living in Edirne. Thus, our findings 
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cannot be generalized to the whole population of Turkey. 
This survey shows a positive attitude toward teledentistry 
as a general concept. Specific research is needed to target 
specific aspects, such as the use of patient screening, diag-
nosis, referral, or other implementations.

Conclusions
It is important to conduct future comprehensive studies 

on teledentistry with a  larger number of participants to 
try to minimize difficulties in practice, strengthen the in-
frastructure technologically, and increase the knowledge 
level of dentists by including this subject in dentistry un-
dergraduate and postgraduate education in Turkey.
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Abstract
Background. The causal relationship between bruxism and temporomandibular disorders (TMD) is not 
clear.

Objectives. The present study investigated which TMD are associated with probable sleep bruxism (SB) 
and awake bruxism (AB) according to the Diagnostic Criteria for Temporomandibular Disorders (DC/TMD). 
The study further evaluated the association between probable SB and AB and TMD. 

Material and methods. A total of 143 patients were selected – bruxers (SB and AB) and non-bruxers. 
A diagnosis of probable bruxism was made after a physical examination and when the symptoms were 
detected. The patients were evaluated using DC/TMD. From among Axis I assessment instruments, the TMD 
Pain Screener, the Symptom Questionnaire and the Clinical Examination Form were used. Moreover, the 
Graded Chronic Pain Scale (GCPS) (v. 2), the Jaw Functional Limitation Scale-8 (JFLS-8), the Patient Health 
Questionnaire-4 (PHQ-4), and the Oral Behaviors Checklist (OBC) were applied within the scope of Axis II.

Results. Diagnoses of  muscle disorders and disk displacement with reduction were significantly more 
frequent in the SB and AB groups than in non-bruxers. A diagnosis of arthralgia was significantly more 
prevalent in the AB group than in non-bruxers. The JFLS-8 scores and the TMD Pain Screener scores were 
higher in the AB group than in the SB group and in non-bruxers. Distress levels, and the GCPS and OBC 
scores were higher in the SB and AB groups as compared to non-bruxers. The results of  binary logistic 
regression analysis showed that only the OBC score was significantly higher in the TMD subgroup 
(OR (odds ratio) = 1.228; 95% CI (confidence interval): 1.014–1.488). 

Conclusions. Both SB and AB were associated with pain-related TMD and intra-articular joint disorders. 
The muscle disorders and disk displacement with reduction subtypes were associated with SB and AB. 
Unlike SB, AB was also associated with arthralgia. Bruxers (both SB and AB) displayed parafunctional habits. 
However, AB was associated with greater functional limitation of the jaw as compared to SB.

Keywords: pain, temporomandibular disorders, jaw, sleep bruxism, awake bruxism
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Introduction
Temporomandibular disorders (TMD) occur because 

of  problems with the temporomandibular joints and the 
masticatory muscles.1 The etiology of TMD is multifactorial 
and numerous risk factors have been reported in the litera
ture. Trauma, anatomical differences, genetic predisposi
tion, the psychological status, and parafunctional habits are 
among the TMD risk factors.2–6 Activities such as chewing 
gum, yawning, squeezing objects between the teeth, playing 
wind instruments, supporting the jaw with the hands, and 
chewing on one side are all considered to be parafunctional 
habits.7 Such parafunctional habits lead to the overuse of the 
temporomandibular joints and the surrounding muscles.

The etiology of bruxism is unclear, though recent stu
dies reported genetic predisposition for sleep bruxism 
(SB).8,9 Additionally, low plasma sodium concentration 
and inflammatory markers have been associated with 
SB.10,11 Moreover, SB has been linked to the motor acti
vity of the jaw muscles.12,13

International consensus on the evaluation of  bruxism 
states that bruxism should be examined separately as SB 
and awake bruxism (AB).14 Both SB and AB are associated 
with mastication muscle activity. In SB, phasic and tonic ac
tivity is observed during sleep. Meanwhile, AB is character
ized by such activities as the continuous contact of the teeth 
and/or pushing the mandible during wakefulness.14 Brux
ism is diagnosed through symptoms, examination findings 
and quantitative methods.14 Quantitative methods include 
electromyography and polysomnography.14 Lobbezoo et al. 
graded bruxism into 3 subcategories, including possible 
bruxism, probable bruxism and definite bruxism.14 A  dia
gnosis of possible SB/AB is symptombased only, probable 
SB/AB is diagnosed based on clinical findings, whereas defi
nite SB/AB is diagnosed based on instrumental evaluation.14

In a  recent review, the relationship between bruxism 
and TMD was not clearly established.15 Moreover, a  re
cent polysomnographic study that focused on the relation
ship between TMD and SB reported that SB was not a risk 
factor for the development of  TMD.16 Additionally, the 
distribution of TMD was equal in SB and nonbruxer pa
tients.16 One study also reported no relationship between 
SB and TMDrelated pain.17 However, AB and myofascial 
TMD have been associated with painful conditions, such 
as headaches.18 In light of this information, and since SB 
and AB are considered 2 different types of bruxism, it ap
pears that their effects on TMD are different. The present 
study evaluated the effects of SB and AB on TMD by com
paring them with a nonbruxer group.

Bruxism is not evaluated through a separate question
naire in the Diagnostic Criteria for Temporomandibular 
Disorders (DC/TMD) tools. Instead, bruxism is exam
ined within the Oral Behaviors Checklist (OBC) of  the 
DC/TMD Axis II.19 The DC/TMD were created based on 
the Research Diagnostic Criteria for Temporomandibular 
Disorders (RDC/TMD).

The DC/TMD are valuable tools, since they allow inves
tigators to examine TMD by dividing them into diagnos
tic subgroups. According to DC/TMD, TMD are strati
fied into 4 different groups, which are painrelated TMD 
and headaches, intraarticular joint disorders, degenera
tive joint disorders, and subluxation.20

Some studies investigating the relationship between 
bruxism and TMD questioned about TMD symptoms 
and pain. Most of them used RDC/TMD to classify the 
diagnosis of TMD.15,21,22 The present study aimed to 
examine the relationship between bruxism and TMD using 
the current DC/TMD criteria.

The primary purpose of our study was to demonstrate 
which TMD types are associated with probable SB and 
AB according to DC/TMD. The secondary aim was to de
termine the relationship between probable SB and AB and 
TMD.

Material and methods

Compliance with ethical standards  
and ethical approval 

The present study was conducted according to the 1964 
Declaration of  Helsinki, and all participants provided 
voluntary informed written consent before being enrolled 
in the study. Approval was granted by the Clinical Research 
Ethics Committee at Yozgat Bozok University, Turkey 
(approval No.: 2017KAEK189_2021.03.10_19). The study 
was registered at ClinicalTrials.gov (NCT04866849).

Participants

This observational crosssectional study involved 
143 healthy volunteers, aged 18–65 years. The study was 
conducted between May 2021 and August 2021. The partici
pants were selected from among the relatives of  the pa
tients who reported to the outpatient clinic at Yerkoy State 
Hospital, Yozgat, Turkey. All participants were evaluated 
by the same physiatrist (B.C.K.), who is experienced in 
dia gnosing and treating patients with TMD. After a physi
cal examination, the participants were split into 3 groups 
– SB, AB or nonbruxers – according to their diagnosis 
of bruxism. Accordingly, 25 participants were determined 
to have SB, 42 participants were determined to have AB, 
and 76 participants were determined to be nonbruxers. 
The exclusion criteria were congenital temporomandi
bular joint disease, and the history of previous temporo
mandibular region trauma or surgery. Participants treated 
with oral analgesics or muscle relaxants in the past week, 
participants who used immunosuppressive drugs, and 
those with cancer or systemic inflammatory disease were 
also excluded from the study. Patient recruitment was ter
minated when the appropriate sample size was reached.
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Diagnosis of bruxism 

Bruxism was evaluated as probable SB or probable AB 
by questioning the participants about symptoms, and 
also based on the findings of  the physical examination. 
The DC/TMD OBC question 1 was used to ask about SB 
symptoms, and questions 3 and 4 were used to ask about 
AB symptoms. The participants were asked to fill out the 
OBC questionnaire before the physical examination.

The abnormal wear of the teeth, the presence of tooth 
marks in the buccal region, the presence of tooth marks 
on the tongue, and the hypertrophic appearance of  the 
masseter muscle were investigated during the physical 
examination. The presence of  at least one of  the above 
4 findings was sought in the investigation of SB/AB.

Lobbezoo  et  al. stated that a  physical examination and 
symptoms should be used for the diagnosis of  probable 
bruxism.14 Therefore, in this study, the participants had to 
be diagnosed with bruxism based on symptoms and physi
cal examination findings to be considered a bruxer (SB/AB).

Participants not diagnosed with bruxism and those who 
did not undergo a physical examination were considered 
nonbruxers, and were included in the control group. Pa
tients who did meet these criteria were excluded from the 
study.

Measurements 

All participants were evaluated according to the 
DC/TMD Axis I and Axis II findings.19 While classify
ing TMD, symptoms such as jaw sounds, the presence 
of locking as well as headaches were examined using the 
Symptom Questionnaire. Pain was assessed using the 
TMD Pain Screener. Additionally, the Clinical Examina
tion Form was used for the standard examination of the 
patients. The Symptom Questionnaire, the TMD Pain 
Screener and the Clinical Examination Form were includ
ed in the DC/TMD Axis I assessment tools.19

The patients were evaluated the using DC/TMD Axis II 
assessment tools – the Graded Chronic Pain Scale (GCPS) 
(v. 2), the Jaw Functional Limitation Scale8 (JFLS8), the 
Patient Health Questionnaire4 (PHQ4), and OBC. The 
participants were asked to open their mouths widely so 
that the maximum mouth opening could be measured. 
With the help of a ruler, the distance between the front 
teeth was also measured and recorded.23 Additionally, 
symptom duration, age, gender, the education level, and 
the body mass index (BMI) were recorded.

The Symptom Questionnaire is a tool that collects infor
mation about pain, headaches, temporomandibular joint 
sounds, and jaw locking in patients with TMD.19,24 The 
TMD Pain Screener evaluates the stiffness of the jaw, the 
presence of pain during various activities and the persis
tence of pain in patients with TMD. Moreover, the TMD 
Pain Screener checks for pain in the last 30 days.24 The 
OBC assesses parafunctional habits through selfreporting. 

The OBC checks if the patient overuses the jaw joints and 
the surrounding muscles.19,24 The JFLS is available in 2 forms: 
short (JFLS8), consisting of 8 items; and long (JFLS12), 
consisting of 12 items. In the present study, JFLS8 was used 
to evaluate the functional limitation of the jaw. It was also 
used to assess the functional limitation experienced by the 
patient while performing various activities, with a 10point 
Likert scale used for each item.19,24 The GCPS assesses 
the severity of chronic pain and painrelated disability in 
patients with TMD.19,24 The PHQ was developed to as
sess mood states, such as depression and anxiety, as well 
as concentration problems and energy in TMD patients. 
The questionnaire occurs in 2 different forms: PHQ4; and 
PHQ9. The PHQ4 form, which mostly assesses anxiety 
and depression, was used in this study.19,24

Sample size calculation 

Study sample size calculations were performed with the 
G*Power software, v. 3.1.9.4 (Heinrich Heine University 
of  Düsseldorf, Germany; https://www.psychologie.hhu.
de/arbeitsgruppen/allgemeinepsychologieundarbe
itspsychologie/gpower). The effect size was 0.3 for the χ2 
tests with α = 0.05 and power of 0.80. The total sample 
size was estimated at 143.

Statistical analysis

The IBM SPSS Statistics for Windows software, v. 25.0 
(IBM Corp., Armonk, USA) was used for data analysis. 
Descriptive statistics were used to summarize the partici
pant data as frequency or as mean and standard deviation 
(M  ±SD). The data distribution was evaluated with the 
Kolmogorov–Smirnov test. The χ2 test and Fisher’s exact test 
were used to compare categorical data between 2 groups. 
The independent sample t test and the Mann–Whitney 
U test were used to compare quantitative variables. The inde
pendent variables with a significance value of p < 0.20 for 
the difference between them were analyzed by binary logis
tic regression. Odds ratios (ORs) and their respective 95% 
confidence intervals (CIs) were also estimated. Moreover, 
p < 0.05 was used to define statistical significance.

Results
A total of 143 participants were selected: 76 were non

bruxers; 25 were in the SB group; and 42 were in the AB group. 
The mean age of the participants was 44.23 ±10.20 years, 
with a BMI of 26.69 ±4.67. When the demographic data 
was analyzed in the 3 groups, no statistical difference was 
identified in terms of  age, gender, BMI, education, oc
cupation, or the marital status (p > 0.05). The prevalence 
of smoking, chewing gum, nail biting, and cheek/lip biting 
was higher in the SB and AB groups than in the control 
group (p < 0.05) (Table 1).

https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower
https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower
https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower
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Mouth opening was decreased in the AB group 
(40.07  ±4.09  mm) as compared to nonbruxers 
(42.74 ±5.12 mm). The JFLS8 scores and the TMD Pain 
Screener scores were higher in the AB group than in both 
the SB group and nonbruxers. Additionally, the JFLS8 
scores and the TMD Pain Screener scores were higher in 

the SB group than in nonbruxers. Distress levels, and the 
GCPS and OBC scores were increased in the SB and AB 
groups as compared to nonbruxers (p < 0.001) (Table 2).

The postexamination diagnoses of  the participants 
were compared. Diagnoses of  muscle disorders and 
disk displacement with reduction were significantly 

Table 1. Demographic characteristics of the participants

Variable Control group 
n = 76

SB group 
n = 25

AB group 
n = 42 p-value

Age [years] 
M ±SD

43.19 ±10.86 44.12 ±8.95 46.50 ±9.54 0.254

Gender 
M/F

26/50 6/19 9/33 0.289

BMI [kg/m2] 
M ±SD

26.26 ±4.32 28.34 ±3.96 27.66 ±4.25 0.058

Education 
n (%)

elementary 25 (32.9) 11 (44.0) 16 (38.1)

0.105secondary 24 (31.6) 9 (36.0) 20 (47.6)

university 27 (35.5) 5 (20.0) 6 (14.3)

Occupation 
n (%)

unemployed 25 (32.9) 4 (16.0) 10 (23.8)

0.332desk worker 30 (39.5) 15 (60.0) 18 (42.9)

physically demanding 21 (27.6) 6 (24.0) 14 (33.3)

Marital status 
n (%)

married 60 (78.9) 20 (80.0) 37 (88.1)
0.452

unmarried 16 (21.1) 5 (20.0) 5 (11.9)

Habits 
n (%)

smoking 7 (9.2) 11 (44.0) 15 (35.7) <0.001a,b

alcohol 13 (17.1) 4 (16.0) 7 (16.7) 0.992

chewing gum 14 (18.4) 11 (44.0) 23 (54.8) <0.001a,b

nail biting 12 (15.8) 9 (36.0) 18 (42.9) 0.002a,b

pen biting 5 (6.6) 3 (12.0) 7 (16.7) 0.203

cheek/lip biting 15 (19.7) 12 (48.0) 20 (47.6) 0.002a,b

SB – sleep bruxism; AB – awake bruxism; M – mean; SD – standard deviation; M – male; F – female; BMI – body mass index; statistically significant difference:  
a between the control and SB groups; b between the control and AB groups. 

Table 2. Comparison of the assessment results between the groups

Variable Control group 
n = 76

SB group 
n = 25

AB group 
n = 42 p-value

Mouth opening [mm] 
M ±SD

42.74 ±5.12 41.75 +5.21 40.07 ±4.09 0.045b

TMD Pain Screener score 
M ±SD

0.43 ±0.86 2.88 +0.92 4.85 ±1.04 <0.001a,b,c

JFLS-8 score 
M ±SD

0.20 ±0.52 1.68 +0.68 2.58 ±0.56 <0.001a,b,c

OBC score 
M ±SD

4.39 ±4.16 16.28 +5.24 20.71 ±5.39 <0.001a,b

PHQ-4 score 
M ±SD

0.89 ±1.20 4.72 +2.09 6.07 ±1.20 <0.001a,b

GCPS score 
n (%)

0 65 (85.5) – –

<0.001a,b

1 9 (11.8) 12 (48.0) 8 (19.0)

2 2 (2.6) 10 (40.0) 18 (42.9)

3 – 2 (8.0) 13 (31.0)

4 – 1 (4.0) 3 (7.1)

TMD – temporomandibular disorders; JFLS-8 – Jaw Functional Limitation Scale-8; OBC – Oral Behaviors Checklist; PHQ-4 – Patient Health Questionnaire-4; 
GCPS – Graded Chronic Pain Scale; statistically significant difference: a between the control and SB groups; b between the control and AB groups; c between 
the SB and AB groups.
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more frequent in the SB and AB groups than in nonbruxers. 
Additionally, the arthralgia diagnosis was significantly more 
prevalent in the AB group than in nonbruxers (p < 0.05) 
(Table 3). All participants were divided into 2  subgroups 
–  diagnosed with TMD or not diagnosed with TMD. 

The factors affecting the diagnosis of TMD were then 
examined. The results of binary logistic regression analysis 
showed that only the OBC score was significantly higher 
in the TMD subgroup (OR = 1.228; 95% CI: 1.014–1.488) 
(Table 4).

Table 3. Comparison of the participants’ diagnoses

Diagnosis Control group 
n = 76

SB group 
n = 25

AB group 
n = 42 p-value

Normal 64 (84.2) 0 (0) 0 (0) –

Pain-related TMD  
and headaches

muscle disorders 5 (6.6) 10 (40.0) 22 (52.4) <0.001a,b

arthralgia 1 (1.3) 2 (8.0) 5 (11.9) 0.021b

headaches attributed to TMD 1 (1.3) 2 (8.0) 1 (2.4) 0.231

total 7 (9.2) 14 (56.0) 28 (66.7) <0.001a,b

Intra-articular  
joint disorders

DD with reduction 3 (3.9) 7 (28.0) 7 (16.7) 0.003a,b

DD with reduction, 
with intermittent locking

1 (1.3) 2 (8.0) 3 (7.1) 0.077

DD without reduction, 
without limited opening

0 (0) 1 (4.0) 2 (4.8) 0.140

DD without reduction, 
with limited opening

0 (0) 0 (0) 1 (2.4) 0.441

degenerative joint disorders 1 (1.3) 1 (4.0) 1 (2.4) 0.797

total 5 (6.6) 11 (44.0) 14 (33.3) <0.001a,b

Data presented as number (percentage) (n (%)). DD – disk displacement; statistically significant difference: a between the control and SB groups; b between 
the control and AB groups; c between the SB and AB groups.

Table 4. Univariate logistic regression analysis of the factors affecting temporomandibular disorders (TMD)

Factor
TMD 

no 
n = 64

TMD 
yes 

n = 79
p-value OR 95% CI 

(lower–upper) p-value

Age [years] 
M ±SD

41.03 ±11.90 44.67 ±9.59 0.045 0.976 0.900–1.058 0.239

Gender 
M/F

22/42 19/60 0.175 1.025 0.864–1.855 0.554

BMI [kg/m2] 
M ±SD

25.97 ±3.87 27.57 ±4.63 0.030 1.025 0.864–1.216 0.076

Education 
n (%)

elementary 23 (35.9) 29 (36.7)

0.467

– –

–secondary 21 (32.8) 32 (40.5) – –

university 20 (31.3) 18 (22.8) – –

Occupation 
n (%)

unemployed 26 (40.6) 37 (46.8)

0.100

ref. –

0.100desk worker 15 (23.4) 26 (32.9) 3.746 0.566–24.801

physically demanding 23 (35.9) 16 (20.3) 0.555 0.055–5.651

Marital status 
n (%)

married 46 (71.9) 11 (13.9)
0.036 0.689 0.164–2.895 0.611

unmarried 18 (28.1) 68 (86.1)

SB 
n (%)

yes – 25 (31.6)
<0.001 0.000 0.000 0.997

no 64 (100) 54 (68.4)

AB 
n (%)

yes – 42 (53.2)
<0.001 0.000 0.000 0.998

no 64 (100) 37 (46.8)

OBC score 
M ±SD

3.74 ±3.26 17.32 ±6.82 <0.001 1.228 1.014–1.488 0.036*

PHQ-4 score 
M ±SD

0.78 ±1.09 4.94 ±2.67 <0.001 1.154 0.609–2.189 0.660

OR – odds ratio; CI – confidence interval; ref. – reference; * statistically significant.
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Discussion
The results showed that SB and AB were associated 

with muscle disorders and disk displacement with reduc
tion. Unlike SB, AB was also associated with arthralgia. 
However, it has been previously reported that no relation
ship exists between SB and TMD,16 or between SB and 
TMDrelated pain.17 Those studies evaluated SB using 
polysomnography,16,17 and the discrepancy could also be 
due to the fact that in the current study, probable SB was 
evaluated. Nonetheless, in a study in which SB was evalu
ated clinically without using polysomnography, a  rela
tionship between SB and painful TMD was found, simi
lar to the results of the present study.22 Reissmann et al. 
also reported that both SB and AB were associated with 
painful TMD.25 Meanwhile, AB has been associated with 
myofascial TMD in the literature.18 In another study, self
reported bruxism was associated with painful TMD.26 Our 
results also support these findings. Commisso  et  al. re
ported that bruxism could cause joint damage by increas
ing frictional stress on the disk,27 which was supported by 
another recent study.28 The latter study reported that disk 
displacement and jointrelated pathologies might occur in 
bruxers.28 Thus, our results show that intraarticular joint 
disorders are associated with both SB and AB.

Although previous studies reported AB to be associ
ated with painrelated TMD, bruxism may be associated 
with intraarticular joint disorders, degenerative joint 
disorders, and subluxation. Our results also support this 
hypothesis by showing that SB and AB are associated 
with painrelated TMD and intraarticular joint dis
orders. We also found SB and AB to be associated with 
muscle disorders and disk displacement with reduction, 
using DC/TMD. Thus, in patients with bruxism, apart 
from increased muscle activity or musclerelated causes, 
the temporomandibular joint is also affected. The pre
sence of bruxism also increases the severity of TMD.29 
Therefore, in clinical practice, the investigation and 
management of  bruxism are important in the intra
articular joint disorder subtypes, such as disk displace
ment with reduction.

Silva et al. found a relationship between AB and head
ache.18 However, no relationship was found between 
bruxism (both SB and AB) and TMDrelated headache 
in the current study, though SB and AB were associated 
with painful TMD. Similar to our results, previous studies 
discovered no relationship between headache and brux
ism, and the presence of bruxism did not increase the risk 
of headache.30 A recent study demonstrated that AB in
creased the risk of tensiontype headache.31 In the current 
study, only TMDrelated headache was examined accord
ing to DC/TMD, and headache types such as migraine 
and tensiontype headache were not investigated. Thus, 
the data should be interpreted with caution.

Parafunctional habits result in the overuse of the mus
cles in the orofacial region. Thus, changes in muscle length 

and muscle dysfunction can cause myofascial pain.30 In 
this study, smoking, alcohol consumption, gum chewing, 
nail biting, pen biting, and cheek/lip biting were evaluated 
as parafunctional habits. The results suggest that people 
with bruxism (both SB and AB) also develop parafunc
tional habits. Although the causal relationship between 
bruxism and TMD is unclear, studies have reported that 
parafunctional habits are a risk factor for TMD,15,32 which 
is consistent with our findings.

Cumulative smoking and tobacco use are associated 
with bruxism. Indeed, nicotine can increase bruxism, and 
can also cause the excessive use of the jaw joints and the 
surrounding muscles. Thus, a link may exist between nico
tine intake and bruxism.33 We found that smoking habits 
were more common in bruxers (both SB and AB) than 
in healthy subjects. We attributed the greater prevalence 
of smoking in bruxers to the relationship between nico
tine and bruxism, which shows that smoking is a  para
functional habit similar to bruxism.

A recent study that examined TMDrelated factors us
ing DC/TMD reported that the female gender and in
creased stress levels were associated with TMD severity.29 
Our study revealed that stress was not a  risk factor for 
TMD, although the bruxism groups (both SB and AB) re
ported more distress and chronic pain. In a metaanalysis, 
TMD patients were reported to be more sensitive to pain 
than healthy subjects.34 Therefore, the relationship be
tween bruxism and chronic pain might be related to the 
coexistence of painful TMD and bruxism. It may also be 
associated with the complex nature of bruxism and cen
tral hypersensitivity. The relationships between brux
ism, TMD, pain, and distress also show that in the case 
of bruxism, multidisciplinary management strategies are 
vital. In our study, the female gender was not considered 
a risk factor for TMD, which is consistent with the results 
of other studies that examined TMD risk factors.32,35

We revealed that a minimal decrease was found in the 
maximum mouth opening measurement in the AB group 
in comparison with healthy subjects. However, the mea
surements were within the functional mouthopening 
range in both bruxers and healthy subjects.23 We also 
found a relationship between bruxism (both SB and AB) 
and the functional limitation of the jaw. Additionally, AB 
was associated with greater functional limitation of  the 
jaw as compared to SB. This correlation may be due to the 
association of  bruxism with TMD. The correlation may 
also be due to the fact that bruxism can affect the mastica
tory muscles, which limits jaw functions.

Limitations and strengths 

A major limitation of our study is that bruxism could 
not be measured quantitatively. Electromyography or 
polysomnography are necessary for the diagnosis of defi
nite SB/AB.14 However, it has been reported that the dia
gnosis of probable SB/AB through a physical examination 
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and symptom questioning may be sufficient, especially in 
cases where the sample size is large.14

A relationship has been noted between SB and ob
structive sleep apnea syndrome and simple snoring.36,37 
However, these confounding factors could not be distin
guished, since a polysomnographic examination was not 
performed in this study. Moreover, the subject’s symp
toms fluctuated because of  the nature of  bruxism and 
TMD, which can also be considered a  limitation of  this 
study. Since the sample consisted of  a  healthy popula
tion, this issue should be considered when generalizing 
our findings. Despite all of  these limitations, this study 
used the current and valid DC/TMD tools. The diagnos
tic classification of the patients and the physical examina
tion were performed by the same evaluator, which are the 
strengths of the study. Another strength is that probable 
SB and probable AB were evaluated separately.

Conclusions
Both SB and AB were associated with painrelated TMDs 

and intraarticular joint disorders. The muscle disorders 
and disk displacement with reduction subtypes were as
sociated with SB and AB. Unlike SB, AB was also associ
ated with arthralgia. Bruxers (both SB and AB) displayed 
parafunctional habits, and a  relationship was noted be
tween parafunctional habits and TMD. Although the brux
ism groups (both SB and AB) reported more distress and 
chronic pain, no relationship was found between stress and 
TMD. Awake bruxism was associated with greater func
tional limitation of the jaw as compared to SB.

Trial registration 

The study was registered at ClinicalTrials.gov 
(NCT04866849).

Ethics approval and consent to participate 

The present study was conducted according to the 1964 
Declaration of  Helsinki, and all participants provided 
voluntary informed written consent before being enrolled 
in the study. Approval was granted by the Clinical Research 
Ethics Committee at Yozgat Bozok University, Turkey 
(approval No.: 2017KAEK189_2021.03.10_19).
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Abstract
Background. Temporomandibular disorders (TMD) pose a serious health problem that can have a nega-
tive effect on patients’ lives, impair work performance, and result in work absences and restrictions in daily 
activities.

Objectives. The aim of this observational, cross-sectional study was to evaluate the level of satisfaction 
with life among Polish patients with TMD and to assess the influence of pain severity on this parameter. 
A secondary goal was to investigate sleep quality within this patient group and explore its relationship 
with pain. 

Material and methods. A  total of  219 patients from the Outpatient Clinic for Temporomandibular 
Disorders at the University Dental Polyclinic in Wroclaw, Poland, participated in this study. These individuals 
underwent a clinical examination using the Diagnostic Criteria for Temporomandibular Disorders (DC/TMD) 
protocol and completed 2 validated questionnaires, namely the Satisfaction With Life Scale (SWLS) and the 
Pittsburgh Sleep Quality Index (PSQI). Furthermore, the patients were assessed for the severity of masseter 
muscle pain (MMP) and temporal muscle pain (TMP), and the average pain in these muscles (AMP) was 
calculated. Subsequently, a statistical analysis was performed on the collected data.

Results. The group of  patients with average satisfaction with life exhibited significantly higher levels 
of MMP (p = 0.025) and AMP (p = 0.044) as compared to the high-satisfaction group. Regarding sleep 
quality, 50.23% of the patients experienced poor sleep quality. Poor sleep quality was found to be statisti-
cally associated with higher levels of TMP (p = 0.032) and AMP (p = 0.028). Moreover, women demon-
strated significantly worse sleep quality as compared to men (p = 0.002). The findings indicate that PSQI 
has a greater impact on SWLS than vice versa.

Conclusions. Due to a large number of TMD patients experiencing poor sleep quality and the associated 
reduced life satisfaction, these parameters should be considered as influential factors that modify the 
manage ment of patients with TMD.

Keywords: satisfaction with life, sleep quality, temporomandibular disorders, orofacial pain, masticatory 
muscle pain
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Introduction
“Temporomandibular disorders” (TMD) is an  umbrella 

term that refers to a  group of  conditions involving the 
masti catory muscles, the temporomandibular joints (TMJs) 
and the associated structures.1 The typical manifestations 
of TMD include masticatory muscle pain or TMJ pain, limit
ed jaw movement, joint sounds, such as clicking or crepitus, 
myofascial pain, and headaches.2 Temporomandibular 
disorders are a  pervasive issue with significant implica
tions for the quality of  life, characterized by chronic pain 
and restrictions in daily activities. Moreover, the presence 
of elevated levels of anxiety, perceived stress, and even de
pression, commonly associated with TMD, poses a serious 
health problem that can impair work performance and re
sult in work absences.3 It is considered the 2nd most com
mon cause of oral region pain, following odontalgic pain.4 
Additionally, it ranks as the 2nd main cause of  musculo
skeletal pain after chronic lowback pain.5

The prevalence of TMD is estimated to be between 5% 
and 12% in the general population,6 with a  higher inci
dence of  up to 30% among young adults.7 In the Polish 
population, approx. 55.9% of  individuals experience 
at  least one symptom of  TMD.8 Gender differences are 
apparent, with women more commonly affected by TMD 
in the Polish population.8–10

The etiology of  TMD is multifactorial and often un
clear.2 The current biopsychosocial model encompasses 
various conditions and factors that may contribute to 
the occurrence of  TMD.9 It incorporates psychosocial 
aspects, such as stress reactions, environmental factors, 
emotions, and cognition, with biological components, in
cluding structural and functional abnormalities.1 Numer
ous studies have demonstrated an  association between 
TMD and psychological distress.11–15 A recent study con
ducted on a Polish population of TMD patients revealed 
a high prevalence of stress, anxiety and depression within 
the study group.13 Other studies indicate that these psycho
logical factors can be risk factors for the development 
of TMD.14 Chronic TMD are also known to coexist with 
psychosocial impairments, such as depression and soma
tization.16 Importantly, some TMD patients may exhibit 
reduced treatment responsiveness due to their mental 
state. Studies suggest that patients with high levels of cata
strophizing thinking are less likely to respond to treat
ment unless psychotherapy is utilized.17 The same applies 
to patients with depression and anxiety.13,18 As a  result, 
TMD patients are at risk of experiencing a significant re
duction in their quality of life and social functioning.3,15

Many studies indicate that TMD may have a negative 
effect on patients’ lives, manifested as chronic pain, the 
loss of energy, activity restriction (inability) due to physi
cal ailments, emotional disorders, anxiety/depression, 
taste changes, discomfort when eating, and absence from 
work due to chronic pain.3 Consequently, the present 
study aimed to assess the level of  satisfaction with life 

in Polish patients with TMD and to investigate the influence 
of  TMDrelated pain on this parameter. Additionally, 
since there is evidence suggesting an association between 
TMD and sleep quality,19–23 our secondary goal was to 
assess the relationship between sleep quality and masti
catory muscle pain in Polish patients with TMD. The 
reason for undertaking this research is the lack of  stu
dies pertaining to the adult Polish population with TMD, 
using reliable methodological tools. The existing number 
of studies conducted with rigorous methodologies is limit
ed, thus necessitating highquality research.

Material and methods

Participants and the study design 

The study group comprised 219 adults who sought treat
ment at the Outpatient Clinic for Temporo mandibular 
Disorders at the University Dental Polyclinic in Wroclaw, 
Poland. The study adhered to the principles outlined in 
the Declaration of  Helsinki, and the research protocol 
obtained approval from the Bioethical Committee 
of  Wroclaw Medical University (No. KB165/2021). 
Furthermore, this observational, crosssectional study 
was retrospectively registered in the ClinicalTrials.gov 
database on January 6, 2022, and received the registration 
number NCT 05183503.

Inclusion and exclusion criteria 

The following inclusion criteria were established for the 
study group: a diagnosis of TMD based on the Diagnostic 
Criteria for Temporomandibular Disorders (DC/TMD) 
examination24; and an age of 18 years or older.

The exclusion criteria for the study were as follows:
– neurological conditions, such as cerebrovascular and 

neurodegenerative diseases, posttoxic changes, and 
inflammatory changes; systemic diseases, including 
rheumatoid arthritis, systemic lupus erythematosus 
and primary Sjögren’s syndrome; toxic or traumatic 
diseases related to head or craniofacial trauma;

– chronic use of medications that can affect neuromuscular 
function or the activity of  the central nervous system 
(CNS), such as neuroleptics, analgesics, antiepileptic drugs, 
psychostimulants, steroids, sedatives, and hypnotics;

– history of psychiatric diseases, such as anxiety, depres
sion, attention deficit hyperactivity disorder (ADHD), 
autism, and schizophrenia, as well as sleep disorders;

– cognitive impairment;
– active oncological disease;
– underweight (body mass index (BMI) <18.5 kg/m2) 

or obesity with BMI ≥ 35 kg/m2; and
– pregnant women, mothers of  infants, and lactating 

women.
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Data collection 

Data was collected from November 2018 to December 
2020; during that period, the patients were requested to 
complete questionnaires. Following the completion of the 
questionnaires, clinical examinations of  TMJs and the 
masticatory muscles were conducted. The questionnaires 
administered to the patients included the Satisfaction 
With Life Scale (SWLS) and the Pittsburgh Sleep 
Quality Index (PSQI). Detailed descriptions of  these 
questionnaires are provided later in the text. A  dentist 
with a minimum of 5 years of practice and trained in the 
DC/TMD protocol conducted the clinical examinations. 
The patient diagnoses were assigned separately for each 
side, and multiple diagnoses were possible for each side.24

Clinical examination of the masticatory 
muscles and the temporomandibular 
joints (DC/TMD)

The DC/TMD protocol is a standardized tool utilized 
worldwide for assessing disorders related to the masti
catory muscles and TMJs. It consists of  2 axes – Axis I 
focuses on diagnosing biological factors through physi
cal examinations, while Axis II involves the assessment 
of psychosocial factors by using validated questionnaires. 
The protocol structure allows a  comprehensive evalua
tion of patients, aligning with the biopsychosocial model.

Following the completion of the questionnaires, the par
ticipants underwent evaluation by experienced dentists 
with a minimum of 5 years of practice. All the examiners 
performing the assessments underwent training and cali
bration according to the protocol provided on the official 
website of  the International Network for Orofacial Pain 
and Related Disorders Methodology (https://ubwp.buffalo.
edu/rdctmdinternational). The training was conducted by 
a clinician with 10 years of experience in managing TMD. 
The diagnoses were assigned independently for each side, 
adhering to the official DC/TMD taxonomy.24,25

Assessment of the masticatory muscle 
pain severity 

During the clinical examination, each patient was re
quested to provide a rating for the perceived pain experi
enced during the palpation of the masseter and temporal 
muscles on each side individually. Subsequently, the aver
age of  these ratings was calculated. The numeric rating 
scale (NRS), a widely utilized and wellvalidated tool for 
measuring pain intensity, was employed for this purpose. 
The scale ranges from 0 to 10, with 0 indicating no pain 
and 10 representing the worst imaginable pain.26 In  his 
study, the severity of  masseter muscle pain (MMP) and 
temporal muscle pain (TMP), as well as the average 
muscle pain (AMP) were calculated.

Questionnaires 

Satisfaction With Life Scale 

This questionnaire serves as a simple yet reliable instru
ment for assessing life attitudes. It consists of 5 questions, 
and patients assign a score ranging from 1 to 7 for each 
question. A  score of  1 signifies ‘strongly disagree’, while 
a score of 7 represents ‘strongly agree’. The total score is 
obtained by summing the scores for all questions. The 
lowest possible score is 5, while the maximum score is 
35. In this questionnaire, the scores were categorized into 
STEN groups: STEN 1–4 (5–17 points) indicates low life 
satisfaction; STEN 5–6 (18–23 points) indicates average 
life satisfaction; and STEN 7–10 (24–35 points) indicates 
high life satisfaction.27

Pittsburgh Sleep Quality Index 

This questionnaire serves as a  selfreport tool for as
sessing sleep quality over a 1month interval. It comprises 
19 items creating 7 components that measure various 
aspects of sleep, including subjective sleep quality, sleep 
latency, sleep disturbances, and sleep duration, among 
others. Each component is rated on a scale from 0 to 3. 
The scores for all components are summed, resulting in 
a  maximum score of  21. A  cutoff point of  5 was estab
lished, where higher scores indicated poorer sleep quality. 
The questionnaire used has demonstrated reliability as 
a tool for sleep assessment.28

Sample power and size calculation 

The sample size was calculated using G*Power, v. 3.1.9.7 
(https://www.psychologie.hhu.de/arbeitsgruppen/allge
meinepsychologieundarbeitspsychologie/gpower). 
The determination aimed for a  statistical power of  0.8, 
an effect size of 0.22 for correlations between SWLS and 
NRS AMP and an effect size of 0.40 for correlations be
tween PSQI and NRS AMP. It was ascertained that the 
sample size needed was 207 people for the 1st dependency 
and 208 people for the 2nd one. Therefore, 219 patients 
were qualified for the study to be able to detect significant 
differences and correlations between the studied para
meters. The process of recruiting patients for the study is 
presented in Fig. 1.

Statistical analysis 

Statistical analysis was conducted using the Statistica 
software, v. 13 (StatSoft Polska, Cracow, Poland), with 
a  significance level set at 0.05. The distribution of  data 
was assessed using the Shapiro–Wilk test. Categorical 
data were presented as number and percentage (n (%)). 
The NRS values for the masseter and temporal muscles 
were computed as the average of the values obtained from 

https://ubwp.buffalo.edu/rdc-tmdinternational
https://ubwp.buffalo.edu/rdc-tmdinternational
https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower
https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower
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the right and left sides. Consequently, the relationship 
between the NRS values and the TMD diagnosis was exa
mined using the Mann–Whitney U test. The same ap
proach was employed to analyze the association between 
the pain levels and gender.

Results

Sample characteristics 

The study involved a  sample of  219 Caucasian Polish 
adults diagnosed with TMD. Among the participants, 163 
(74%) were women and 56 (26%) were men. The age range 
of the participants was 18–80 years, with a mean age of 40.06 
±16.37 years. Most of the group was comprised of women, 
with a femaletomale ratio of 3:1. Statistically significant dif
ferences were observed between women and men in terms 
of age. The mean age for women was 42 ±16.95 years, while 
the mean age for men was 34 ±13.17 years.

Distribution of temporomandibular 
disorders 

The distribution of  diagnoses among the participants 
was as follows: myalgia was the most common diagno
sis, being predominant in both women and men; the 2nd 
most frequent diagnosis was disk displacement with re
duction, which was also dominant in both genders; and 
the 3rd most common disorder was arthralgia. It is worth 
noting that a single patient could have multiple DC/TMD 
diagnoses. More specific information regarding the dis
tribution of diagnoses by gender can be found in Table 1.

In terms of correlation between the DC/TMD diagnosis 
and the age of the patients, no statistically significant rela
tionships were observed (p > 0.05).

Pain intensity (NRS) 

The results of the Mann–Whitney U test indicated that 
women had significantly higher pain values as compared 
to men in all assessed parameters (p < 0.05). These find
ings are illustrated in Fig. 2–4.

Fig. 2. Distribution of the levels of pain in the masseter muscle by gender

Fig. 3. Distribution of the levels of pain in the temporal muscle by gender

Fig. 1. Flowchart of the recruitment process

TMD – temporomandibular disorders; DC/TMD – Diagnostic Criteria for 
Temporomandibular Disorders; BMI – body mass index; NRS – numeric 
rating scale; MMP – masseter muscle pain; TMP – temporal muscle pain; 
SWLS – Satisfaction With Life Scale; PSQI – Pittsburgh Sleep Quality Index.

Table 1. Distribution of temporomandibular disorders (TMD) diagnoses 
by gender

TMD diagnosis Women  
(n = 163)

Men  
(n = 56)

Total  
(N = 219)

Myalgia 120 (73.62) 31 (55.36) 151 (68.95)

Myofascial pain 21 (12.88) 3 (5.36) 24 (10.96)

Disk displacement  
with reduction

60 (36.81) 13 (23.21) 73 (33.33)

Disk displacement  
without reduction

4 (2.45) 2 (3.57) 6 (2.74)

Arthralgia 38 (23.31) 10 (17.86) 48 (21.92)

Osteoarthritis and other 
degenerative changes

13 (7.98) 2 (3.57) 15 (6.85)

Subluxation 4 (2.45) 2 (3.57) 6 (2.74)

Data presented as number (percentage) (n (%)).
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Regarding the analysis of  the relationship between age 
and pain, the Kendall τ test was conducted, revealing no 
significant correlation between these 2 variables (p > 0.05).

In terms of DC/TMD diagnosis, several significant results 
were obtained. The Mann–Whitney U test demonstrated sig
nificantly higher levels of pain in the diagnosis of myalgia for 
MMP, TMP and AMP. For the diagnosis of myofascial pain, 
significantly higher pain values were observed for TMP and 
AMP. In the case of disk displacement without reduction, sig
nificantly higher pain results were found for MMP and AMP. 
However, there were no significant differences in the pain 
values among the other diagnoses (p > 0.05). Detailed results 
of the statistical analysis can be found in Table 2.

Satisfaction With Life Scale 

In this questionnaire, 60% of the participants (n = 132) 
achieved STEN 7–10 indicating high life satisfaction. In 
28% of the participants (n = 61), STEN 5–6 was obtained, 
representing average satisfaction with life, while only 12% 
of the participants (n = 26) achieved STEN 1–4 indicating 
low life satisfaction.

To investigate the relationship between the SWLS scores 
and gender, Somers’ D test was performed, revealing 
no signifi cant correlation between these variables 
(d(X|Y) = 0.12664). Furthermore, the Kruskal–Wallis analysis 
of variance (ANOVA) was conducted and showed no signifi
cant differences between the STEN groups (p = 0.529).

To assess the correlation between the specific TMD 
dia gnoses and the SWLS scores, Somers’ D test was con
ducted. This test, being asymmetrical, enables the analysis 
of the influence of the TMD diagnosis on the SWLS score 
and vice versa. However, no dependencies were found in 
either direction. None of the results exceeded the cutoff 
value of 0.4, which was considered significant.

The statistical analysis regarding pain was performed us
ing the Kruskal–Wallis ANOVA. This analysis revealed a sig
nificant difference between the STEN 5–6 and STEN 7–10 
groups in terms of MMP (p = 0.025) and AMP (p = 0.044). In 
both cases, the STEN 5–6 group exhibited higher pain values. 
However, no significant differences were observed between 
the STEN 1–4 group and the other groups (p > 0.05). It is 
worth noting that the lack of significance may be attributed 
to the small number of participants in this section (n = 26).

Pittsburgh Sleep Quality Index 

Out of the study group, 217 participants completed the 
questionnaire correctly. Regarding the cutoff point, the 
participants were almost evenly split. A score below 5 was 
obtained by 108 patients (49.77%), while a score above 5 
was acquired by 109 patients (50.23%). This indicates that 
over half of TMD patients experience poor sleep quality.

To analyze the relationship between age and the PSQI 
results, the Mann–Whitney U test was employed. How
ever, no significant differences between the groups was 
found (p = 0.226). In terms of gender, the χ2 test was con
ducted, revealing that women scored significantly higher 
in PSQI as compared to men (p  =  0.002). Figure  5 illu
strates this difference, using a boxwhisker chart.

Fig. 4. Distribution of the average muscle pain (AMP) with regard to the 
masseter and temporal muscles by gender

Table 2. Statistical analysis (p-values) of the relationship between the DC/TMD 
diagnosis and the pain levels

TMD diagnosis MMP TMP AMP

Myalgia <0.0001* <0.0001* <0.0001*

Myofascial pain 0.076 0.006* 0.017*

Disk displacement  
with reduction

0.736 0.612 0.565

Disk displacement  
without reduction

0.031* 0.091 0.041*

Arthralgia 0.386 0.722 0.415

Osteoarthritis and other 
degenerative changes

0.745 0.918 0.849

Subluxation 0.911 0.062 0.278

DC/TMD – Diagnostic Criteria for Temporomandibular Disorders; 
* significantly higher results.

Fig. 5. Box-whisker chart of the Pittsburgh Sleep Quality Index (PSQI) 
results by gender

Me – median.
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To assess the relationship between the specific TMD 
diagnoses and the PSQI scores, the χ2 test was employed. 
However, no significant correlation was found for any 
of the TMD diagnoses (p > 0.05). 

In terms of  relationship between pain and the PSQI 
scores, the Mann–Whitney U test was conducted. The 
results demonstrated that participants with a PSQI score 
above 5, indicating worse sleep quality, exhibited higher 
levels of TMP (p = 0.032) and AMP (p = 0.028). Although 
not statistically significant, there was a close approach to 
significance for MMP (p = 0.059).

Satisfaction With Life Scale vs. Pittsburgh 
Sleep Quality Index 

To examine the relationship between PSQI and SWLS 
in the study group, Somers’ D test was conducted. The 
analysis revealed a significant correlation between these 
2 variables. The relationship was negative and moder
ate (X|Y  =  −0.4150), indicating that worse sleep quality 
was associated with lower scores on SWLS. As Somers’ 
D test is asymmetrical, it was possible to determine the 
reverse relationship as well. However, a lesser correlation 
was obtained (Y|X = −0.3807), which did not exceed the 
level of significance. These results suggest that the impact 
of PSQI, representing the quality of sleep reported by the 
patient, on the level of life satisfaction is greater than the 
reverse relationship.

These findings confirm the earlier conclusions drawn 
from the relationships between the pain levels, sleep 
quali ty and satisfaction with life. It can be concluded that 
the level of satisfaction with life in TMD patients is influ
enced by various factors, including the experienced pain 
levels and factors such as sleep quality. This is particu
larly important, as it explains why the level of pain experi
enced is not always the sole determinant of the treatment 
response. Other accompanying symptoms, such as sleep 
disorders, stress, anxiety, and depression, may play a role 
in the patient’s response to therapeutic interventions. 
Therefore, additional approaches, such as psychotherapy, 
may be beneficial for patients in this group. The distribu
tion of the SWLS levels with regard to PSQI is presented 
in Fig. 6.

Discussion
This study aimed to investigate the level of satisfaction 

with life and sleep quality in adult patients with TMD. 
The clinical examination of the patients was based on the 
standardized DC/TMD protocol, which is considered the 
gold standard in TMD assessment. To measure life satis
faction and sleep quality, selfreport questionnaires were 
utilized, namely SWLS and PSQI. These questionnaires 
have been widely and successfully used in previous stu
dies.19,29,30

In this study group comprising TMD patients, most 
of  the participants were female, which aligns with find
ings from other studies on TMD.31,32 Statistical analysis 
revealed that women reported significantly higher pain 
levels as compared to men. This observation may be at
tributed to the fact that myalgia, which is the most com
mon type of TMD pain, is also more prevalent in women 
than in men.8 Notably, myalgia was also the most fre
quently diagnosed condition in this study group. Previous 
research by Tuuliainen et al. emphasized the association 
between muscle pain and psychological distress.33 Studies 
have shown that women are more likely to have higher 
levels of depression and anxiety, placing them at a higher 
risk for musclerelated TMD.13,34,35 Hormone fluctua
tions, biological differences and greater pain sensitivity in 
women may contribute to the higher prevalence of vari
ous TMD types among females as compared to males.6,36

It is indeed interesting that despite myalgia being the 
most prevalent painrelated TMD type in this study, no 
correlation with satisfaction of  life was observed. This 
finding contrasts with a different study, which indicated 
a significantly higher presence of myalgia in patients with 
depression.13 Although different questionnaires are used 
to measure these parameters, depression is generally as
sociated with lower satisfaction with life. Another study 
by Boggero et al. observed significantly lower satisfaction 
with life in patients with myogenic TMD in Kentucky, 
USA.19 Interestingly, including the pain levels in the analy
sis weakened, but did not eliminate the effect, suggesting 
that a decrease in satisfaction with life in TMD patients 
may be connected not only to the pain levels.

On the other hand, in the present study, the levels 
of pain in the masticatory muscles were significantly low
er in the STEN 7–10 group as compared to the STEN 5–6 
group, indicating that the intensity of painful sensations 
in these structures influenced satisfaction with life. This 
suggests that the diagnosis itself may not have as much 

Fig. 6. Two-dimensional chart of the distribution of the Satisfaction With 
Life Scale (SWLS) and Pittsburgh Sleep Quality Index (PSQI) scores
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impact on the quality of  life as the level of pain experi
enced. The STEN 1–4 group did not show a  significant 
difference as compared to the STEN 7–10 group, but as 
mentioned earlier, this group had only 26 participants. 
Since the methodology used in the abovementioned stu
dies was similar, the observed differences may be attribu
ted to regional and sociological factors within the study 
populations.13,19

The question arises as to why the relationship between 
the TMD diagnosis and satisfaction with life is not as 
straightforward as expected. Based on our research, it 
can be concluded that the level of  satisfaction with life 
in TMD patients is influenced not only by the presence 
of  a  specific diagnosis and the intensity of  pain experi
enced, but also by other factors, such as anxiety, depres
sion, stress, and sleep quality. The previously cited studies 
lead to similar conclusions.13,19

Regarding sleep quality, the present study demonstrat
ed that more than half of  the participants experienced 
poor sleep quality. These findings are consistent with pre
vious research on this topic.37–42 Benoliel et al. observed 
that 43.3% of TMD patients reported poorer sleep quali
ty as compared to 28.3% in the control group.37 Addi
tionally, Sanders et al. found that participants with poor 
sleep quality had approximately twice the incidence rate 
of TMD as compared to those with good sleep quality in 
their cohort study.38

The conclusion drawn from this study aligns with the 
results of  previous research investigating sleep quality 
in TMD patients.37–43 Sleep quality is an  essential fac
tor that, alongside pain and the psychoemotional state 
of TMD patients, influences the reported complaints and 
modifies the treatment approach. This finding is of great 
importance for healthcare practitioners who treat TMD 
patients, as they should consider various comorbidities, 
including sleep disturbances.

Regarding specific TMD types, some authors have re
ported that patients with myofascial pain have poorer 
sleep quality as compared to patients with TMJ pain and 
controls.44,45 In this study, no significant correlation was 
found between the specific TMD diagnoses and sleep 
quality. However, the group of patients experiencing more 
severe pain, particularly in the temporal muscle, demon
strated poorer quality of sleep. These results are consis
tent with the findings of Benoliel et al.37 A conclusion that 
can be drawn from these findings is that the level of pain 
is the most significant factor influencing sleep quality, 
rather than the specific TMD diagnosis. Differences in 
outcomes may arise from the fact that most participants 
in this study were diagnosed with myalgia, which differs 
from myofascial pain (which Lei et al. focused on in their 
study44) in terms of pain radiation patterns.24

Yap  et  al. concluded that, in general, patients with 
painrelated TMD experienced decreased sleep quality.29 
Specifically, in their study, patients with myalgia demon
strated greater sleep impairment as compared to those 

with intraarticular disorders.29 Other studies have also 
suggested that musculoskeletal pain, not only in the tem
poromandibular region, is associated with poorer sleep 
quality, and this association is complex and influenced 
by various factors.41,46 Conversely, poorer sleep quali
ty can provoke and exacerbate head and orofacial pain 
syndromes, as sleep deprivation is known to affect pain 
perception.47 Psychological distress, including depression 
and anxiety, is considered a  factor that influences sleep 
quality.39

Interestingly, in our previous research, we found that 
54.8% of TMD patients experienced depression.13 This is 
a similar percentage to the number of patients with poor 
sleep quality in the present study, indicating a potential 
link between depression, sleep disturbances and TMD. 
The role of  depression as a  contributing factor in sleep 
disturbances was also suggested by Dubrovsky et al.42

The results of  the present study indicate that women 
are more likely to experience poorer sleep quality as 
compared to men. This finding is consistent with previ
ous studies on TMD patients, which have also observed 
a  higher prevalence of  depressive symptoms in women 
as compared to men. Given that depression can affect 
both TMD and sleep quality, these results contribute to 
a  comprehensive understanding of  the interconnections 
between these factors.

The relationship between TMD and sleep quality is in
deed complex and influenced by multiple factors, includ
ing muscle pain and the psychoemotional state of  indi
viduals. A  study by Machado de Resende  et  al. showed 
that the TMD management involving occlusal splints, 
physical therapy and counseling could lead to improve
ment in sleep quality and the overall quality of life, sup
porting the notion that addressing TMDrelated factors 
can have a positive effect on sleep.40

These findings contribute to the growing body of litera
ture highlighting the prevalence of  poor sleep quality 
as a  common symptom in TMD, emphasizing the im
portance of  sleep assessment in the diagnostic process 
of TMD.29,30,43

In this study, a  significant correlation between sleep 
quality and satisfaction with life was observed. This find
ing aligns with previous research indicating an inter action 
between these 2 parameters. A  study by Steptoe  et  al. 
demonstrated that individuals with poorer sleep quality 
reported lower levels of life satisfaction and experienced 
more negative emotions daily, including emotional stress 
and anxiety.46 In this study, we observed that sleep quality 
had a more significant impact on the perceived satisfac
tion with life than the other way round. However, it is im
portant to note that only 12% of the patients in the study 
described their level of satisfaction with life as low. Most 
patients in the study group reported high (60%) or moder
ate (28%) life satisfaction.

Therefore, we can conclude that while pain is one com
ponent that affects the perceived satisfaction with life, it is 
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not the sole factor. Patients with moderate satisfaction with 
life may experience higher levels of MMP as compared to 
those with high satisfaction with life. However, life satisfac
tion is also influenced by other factors, such as the levels 
of the perceived stress, anxiety and depression. Hence, it is 
crucial to consider these additional modulating factors and 
implement a differentiated approach to TMD management 
for patients with lower life satisfaction.

Limitations 

The existing literature suggests a connection between 
muscle pain and psychological distress. Hence, ques
tionnaires focusing on the psychoemotional wellbeing 
of participants, such as the Patient Health Questionnaire9 
(PHQ9) or the Generalized Anxiety Disorder7 (GAD7) 
questionnaire, could serve as valuable tools for addressing 
this matter. In this study, muscle pain was evaluated using 
NRS, which involved applying pressure to the muscles. 
To enhance precision and objectivity, the muscle pain 
threshold could be measured using an algometer. Addi
tionally, the absence of a control group could be perceived 
as a  limitation of  the study. Another limitation of  the 
study is the fact that no instrumental analysis of  sleep 
was performed, and patients with sleep deprivation, e.g., 
shift workers with circadian rhythm disorders, were not 
excluded.

Conclusions
The conclusions drawn from our research indicate that 

screening for sleep quality and assessing satisfaction with 
life is a  very important part of  clinical evaluations with 
regard to Polish adults with TMD. Considering these 
factors in the diagnosis and management protocols can 
have a  significant impact on pain intensity, painrelated 
disability and the patient’s response to TMD treatment. 
The questionnaires utilized in this study offer clinicians 
the means to identify patients with sleep disturbances or 
diminished life satisfaction, enabling specialized care and 
ensuring more effective assistance through multimodal 
management in this patient population.

Trial registration 

The study was retrospectively registered in the Clinical
Trials.gov database on January 6, 2022, and received the 
registration number NCT 05183503.

Ethics approval and consent to participate 

The research protocol obtained approval from the 
Bioethical Committee of  Wroclaw Medical University, 
Poland (No. KB165/2021). The patients provided their 
written informed consent to participate in the present study.
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Abstract
Background. Pain is the most prevalent complication after dentoalveolar surgery. Failure in effective pain 
control could potentially lead to systemic sequels, such as tachycardia, hypertension, improper nutrition, 
and central sensitization. Pregabalin is a gamma-aminobutyric acid (GABA) analog with inhibitory and 
analgesic effects on the central nervous system (CNS). Prescribing gabapentinoids as complementary 
analgesics reduces the consumption of opioid and non-opioid analgesics, and consequently their side effects.

Objectives. The main purpose of the present study was to compare the analgesic effects of pregabalin 
(single-dose 75 mg) vs. ibuprofen (single-dose 400 mg) on patients’ pain levels after impacted third man-
dibular molar surgery. 

Material and methods. In this randomized, double-blind, split-mouth clinical trial, 24 patients aged 
19–34 years volunteered for 2 consecutive (1 month apart) third mandibular molar surgeries (the contra-
lateral teeth). The patients were randomly placed into 2 groups: group G1 (n = 12) was prescribed pregabalin 
(single-dose 75 mg) after the 1st surgery and ibuprofen (single-dose 400 mg) after the 2nd surgery; and 
group G2 (n = 12) was prescribed the exact opposite of the G1 arrangement. During the first 24 h post-
surgery, the patients recorded the number of complementary analgesics they took (single-dose 400 mg 
ibuprofen) and their level of pain on a visual analog scale (VAS) every 2 h.

Results. The average level of pain at 2 h post-surgery (T1) was significantly lower when pregabalin was 
prescribed (p < 0.05). Most patients needed complementary analgesics at 4 h post-surgery (T2). How-
ever, during the first 24 h post-surgery, the patients required significantly more complementary analgesics 
when ibuprofen was prescribed.

Conclusions. In comparison with oral ibuprofen (single-dose 400  mg), oral pregabalin (single-dose 
75 mg) had a stronger analgesic effect at 2 h after impacted third mandibular molar surgery (p < 0.05). 
Pregabalin resulted in a  significantly lower consumption of  complementary analgesics in the first 24  h 
post-surgery as compared to ibuprofen.

Keywords: pain, ibuprofen, pregabalin, third mandibular molar surgery
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Introduction
Pain is the most prevalent complication after dento

alveolar surgery (~80%),1 and the practitioner is normally 
expected to ensure pain control so that it could be accept
able. Failure in effective pain control not only results in 
patient dissatisfaction and reduced quality of life, but it may 
also lead to systemic sequels, such as tachycardia, hyper
tension, improper nutrition, and central sensitization, 
which develops resistance to the effects of  most com
mon analgesic drugs.2 The injection of  longacting local 
anesthetics, prescribing nitrous oxide (N2O),3 as well as 
opioid and nonopioid oral analgesics, are some methods 
to control postoperation pain.4 However, N2O can cause 
nausea, vomiting, headache, drowsiness, and excessive 
sweating or shivering.5 Opioids, such as naldemedine, can 
cause diarrhea,6 while tramadol can potentially cause sei
zures.7 Nonsteroidal antiinflammatory drugs (NSAIDs), 
such as ibuprofen, are the most recommended drugs for 
acute dentoalveolar pain, but they can cause nausea, diar
rhea and excessive bleeding.8

Gabapentinoids (e.g., gabapentin and pregabalin) are 
gammaaminobutyric acid (GABA) analogs with signifi
cant anticonvulsant and pain relief effects. Prescribing 
gabapentinoids as complementary pain relievers reduces 
the consumption of  opioid and nonopioid analgesics, 
and consequently their side effects.9

Pregabalin was initially used to treat muscle spasms, 
but due to its effects on convulsions, allodynia and hyper
algesia, it has gradually received more attention.10 Optimal 
effects on diabetic neuropathic pain, postherpetic neur
algia and fibromyalgia make this drug more noticeable,11 
and due to its antianxiety effects, along with the prevention 
of  sensitization and resistance to analgesics, pregabalin 
has become a  considerable complementary drug after 
surgical procedures.12,13 The postoperation usage of pre
gabalin is more efficient than presurgical prescription,14 
with its analgesic effects (300 mg) after third mandibular 
molar extraction verified. However, side effects, including 
dizziness, blurred vision, restlessness, headache, xero
stomia, and drowsiness have been reported.15–17 The pre
operative prescription of singledose pregabalin (75 mg) 
significantly decreases pain after septorhinoplasty.18

Fibromyalgia causes various musculoskeletal and soft tis
sue pain, as does third mandibular molar surgery. Pregabalin 
has shown remarkable results when used as a single drug 
in the treatment of fibromyalgia,19 and also plays a notice
able role in controlling chronic pain after spinal surgery.20 
Furthermore, pregabalin brings positive effects in relieving 
postmastectomy chronic pain (PMCP) and consequent 
anxiety.10 However, studies have shown contradictory re
sults with regard to analgesic effects and complications 
after the consumption of lowdose pregabalin.14,16

The main purpose of  this randomized, doubleblind, 
splitmouth clinical trial was to compare the efficien
cy and analgesic effects of  oral pregabalin capsules 

(singledose  75  mg) vs. oral ibuprofen capsules (single
dose 400  mg) after third mandibular molar surgery. 
Pregabalin and ibuprofen were both tested on each patient 
for their effects in reducing pain levels and the need to 
take supplementary analgesics.

Material and methods

Study design, participants  
and ethical practices 

This randomized, doubleblind, splitmouth clinical trial 
was designed and conducted according to the random
ized, doubleblind clinical trial protocol and the split
mouth design, and followed the Consolidated Standards 
of  Reporting Trials (CONSORT) 2010 guidelines.21 
The Iranian Ministry of  Health and Medical Education 
and the Research Ethics Committee of  Dental Research 
Center at the Shahid Beheshti University of  Medical 
Sciences, Tehran, Iran, approved the trial on February 18, 
2017 (IR.SBMU.RIDS.REC.1395.392). The trial was also 
registered with the Iranian Registry of  Clinical Trials 
(https://www.irct.ir) (IRCT2016122131501N1).

Between December 31, 2017, and December 30, 2020, 
95 patients who were candidates for the extraction of their 
bilateral impacted third mandibular molars visited the 
Department of Oral and Maxillofacial Surgery of the School 
of Dentistry at the Shahid Beheshti University of Medical 
Sciences. All clinical evaluations and third mandibular 
molar surgical procedures were executed in the above
mentioned department by an  oral and maxillofacial sur
geon (OMFS). A  complete and comprehensive medical 
history was collected from each patient and documented. 
Out of the 95 patients, 57 were eligible to take part in our 
clinical trial, and 24 (13 men and 11 women) volunteered. 
Figure 1 displays a complete and comprehensive CONSORT 
flow diagram of the patients’ enrollment and allocation. All 
participants read and signed a patient consent form. The 
patients were fully informed that their personal information 
(e.g., first name, last name, phone number, home address, 
work address, and photographs) would not be reported 
and/or published anywhere and that they were allowed to 
leave the study whenever they wanted.

Inclusion criteria 

The inclusion criteria were as follows:
– healthy participants classified according to the 

American Society of  Anesthesiologists as class I or II 
(ASA I/II), candidates for bilateral impacted third man
dibular molar extraction; and

– healthy bilateral impacted third mandibular molars with 
the same level of difficulty regarding the tooth angle, the 
impaction level and the relation to the anterior ramus 
border.

https://www.irct.ir
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Exclusion criteria 

The exclusion criteria were as follows:
– a  current lesion surrounding bilateral impacted third 

mandibular molars;
– a history of chronic use of NSAIDs, pregabalin, sedative 

drugs, and/or corticosteroids;
– present or past addiction to analgesics;
– the usage of any analgesics 1 week before both surgeries;
– psychological disorders;
– menstruation (to prevent the distortion of the data on 

the female patients’ pain levels in the 2nd half of the men
strual cycle (the luteal phase), the female patients were 
asked about the regularity and duration of their cycle; 
by doing so, we were able to schedule both of their sur
geries in the 1st half of their cycle);

– a current bone disease;
– current orofacial pain;
– patients with epilepsy; and
– a history of allergies to local anesthesia.

Randomization, allocation concealment 
and blinding 

A person not involved in this study in any way (neither 
a  patient nor a  clinician/researcher) was kindly asked 
to randomize all the 24 participants into 2 groups 
– group  1 (G1) and group 2 (G2), each with the same 
number of  participants (n  =  12) – using a  computer
generated system (http://www.jerrydallal.com/random/
randomize.htm; seed code: 25592). Group 1 was pre
scribed oral pregabalin (singledose 75  mg) (Lyrica™; 
Pfizer Inc., New York, USA) after the 1st surgery and 
oral ibuprofen (singledose 400 mg) (Advil LiquiGel™; 

Wyeth, Madison, USA) after the 2nd surgery. Group 2 was 
prescribed the exact opposite of  the G1 arrangement, 
receiving oral ibuprofen (singledose 400 mg) after the 
1st surgery and oral pregabalin (singledose 75 mg) after 
the 2nd surgery. All surgeons, clinicians and researchers 
responsible for the design and execution of this clinical 
trial, as well as all participants, were blinded to the name 
and type of the drug prescribed.

Interventions 

All participants had a digital orthopantogram (OPG) 
panoramic view of their teeth and jaw taken 1 month before 
surgery (or more recently). All patients underwent 
the surgical extraction of  impacted third mandibular 
molars, conducted by an  OMFS under local anesthe
sia. The patients were asked to refrain from taking 
analgesics 1 week before both surgeries. All 48 surgeries 
were carried out according to the protocol of the clinical 
trial executed by Demirbas  et  al.,22 with the inferior 
alveolar nerve block (IANB) (the Halsted technique) and 
the long buccal nerve block performed using 2 carpules 
(1.8 mL) of  lidocaine (2%) and epinephrine (1:100,000) 
(Loghman Pharmaceutical and Hygienic Co., Tehran, 
Iran) for optimum local anesthesia. If the patients were 
still feeling pain during surgery, a third carpule (1.8 mL) 
of lidocaine (2%) with epinephrine (1:100,000) was used 
for another round of  IANB. The bone surface was ex
posed through a sulcular incision with distal extension, 
using a #15 scalpel blade. The buccal and lingual flaps 
were displaced and retracted by using a  #9 molt peri
osteal elevator, with the lingual flap retracted to pro
tect the lingual nerve. Third mandibular molars were 
exposed after proper ostectomy and odontotomy with 

Fig. 1. CONSORT (Consolidated Standards of Reporting Trials) 2010 flow diagram

http://www.jerrydallal.com/random/randomize.htm
http://www.jerrydallal.com/random/randomize.htm
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the use of fissure and roundshaped burs on highspeed 
handpieces. Sterile saline was used as a coolant/irrigant 
throughout the whole surgery. Third mandibular molars 
were then sectioned using the fissure and roundshaped 
burs, and extracted using #79 (for lower wisdom teeth) 
or #222 forceps. The flaps were replaced and sutured 
in an  interrupted style, using braided, nonabsorbable 
30 USP (the United States Pharmacopeia system) silk 
sutures (Hur Teb, Takestan, Iran) and a reverse cutting 
needle (19 mm, 3/8 circle).

After the completion of  the surgery (T0), either oral 
pregabalin capsules (singledose 75 mg) or oral ibuprofen 
capsules (singledose 400 mg) (control) were prescribed 
based on the blinding principle and the randomization 
performed earlier (G1 and G2). One month after the 
1st surgery, the 2nd surgery was performed on the contra
lateral teeth by the same operator using the same techniques 
and materials in exactly the same operation room as the 
1st surgery. If the patients were prescribed ibuprofen after 
the 1st procedure, pregabalin was prescribed after the 
2nd procedure, and vice versa.

Outcomes 

A visual analog scale (VAS) questionnaire was de
signed to document the patients’ postoperative pain 
severity (from 0  =  no pain to 10  =  unbearable pain). 
Identical questionnaires were used after both proce
dures. Time point T0 demonstrated the time of surgery 
completion, while T12 was the end point of the first 24 h 
postsurgery. During the first 24 h postsurgery, the pa
tients recorded the number of  complementary analge
sics they took (singledose 400 mg ibuprofen) and their 
level of pain on VAS every 2 h (T0, T1, T2, T3, T4, T5, 
T6, and T12). All surgeries were scheduled to be per
formed somewhere between 8 a.m. and 10 a.m. There
fore, at T6 (12 h postsurgery), most patients would have 
been asleep, and we asked them to go to bed between 
10 p.m. and 11 p.m. so that the results could be compar
able. Hence, we did not include the sleeping period (i.e., 
T7, T8, T9, T10, and T11) in our questionnaires. How
ever, if the patients had any sleeping difficulties and/or 
unbearable pain that was preventing them from going 
to sleep, T7–T11 were also completed in their question
naires. The patients were allowed to use complementary 
analgesics (singledose 400 mg ibuprofen) if they expe
rienced moderate to severe pain, which was grade 5 or 
higher on VAS. The time and amount of  the analgesic 
intake were also recorded.

Statistical analysis 

A repeatedmeasures analysis of  variance (ANOVA) 
model was used to compare the pain distribution between 
the 2 surgeries for each patient. The level of significance 
set for the study was 0.05.

Results

Interventions 

A single OMFS performed all 48 impacted third man
dibular molar surgeries (24 patients, each with bilateral 
impacted third mandibular molar surgeries, 2 consecu
tive surgeries, 1 month apart) under local anesthesia. The 
2 consecutive surgeries for each patient were performed 
exactly at a 1month interval, as planned. None of the sur
geries was delayed or performed before the completion 
of the 1month gap. None of the patients needed any extra 
local anesthetics, and the initial 2 carpules (1.8 mL) of 
lidocaine (2%) with epinephrine (1:100,000) were efficient 
for all participants. There were no complications during 
and/or after any of the surgeries.

Participants 

All 24 participants had both surgeries completed and 
were asked to visit the Department of Oral and Maxillo
facial Surgery 1 week after each surgery for followup. The 
VAS questionnaires completed by the patients were also 
collected 1 week after each surgery. None of the patients 
had any sleeping difficulties, and all reported that they 
were asleep by 10–11 p.m. None of  the patients experi
enced unbearable pain before, during or after their sleep.

Outcomes 

Patients’ pain severity 

The average levels of  the patients’ postoperative pain 
(from 0 to 10 on VAS) at the specified time points (T0–T12) 
are shown in Table 1 (both surgeries included, G1 and G2 
combined). According to the VAS questionnaire, the pain 
levels differed between the 2 groups at T1 postsurgery. 
The pregabalin group experienced significantly less pain at 
T1 (p < 0.05). At T1, the average pain levels were 0.52 ±0.87 
and 0.80 ±1.12 when pregabalin and ibuprofen were pre
scribed, respectively. However, at all other time points (i.e., 
T0, T2, T3, T4, T5, T6, and T12), there were no significant 
differences between the 2 groups.

Supplementary analgesics 

Table 2 shows the total number of supplemental analge
sics (singledose 400 mg ibuprofen) taken by all patients 
at each time point (both surgeries included, G1 and G2 
combined). At 4 h postsurgery (T2), most of the patients 
experienced moderate to severe pain and took supple
mental analgesics (singledose 400  mg ibuprofen). At 
T2, 43 supplementary analgesics were taken – 20 when 
pregabalin (singledose 75  mg) was prescribed and 23 
when ibuprofen (singledose 400 mg) was prescribed. At 
6 h postsurgery (T3), 19 supplementary analgesics were 
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taken, including 7 when pregabalin was prescribed and 
12 when ibuprofen was prescribed. At 8  h postsurgery 
(T4), 4 supplementary analgesics were taken, with 2 taken 
when pregabalin was prescribed and 2 when ibuprofen 
was prescribed. None of  the patients required supple
mental analgesics at any other time point (i.e., T0, T1, T5, 
T6, and T12).

The patients who were prescribed ibuprofen (single
dose 400  mg) needed more complementary analgesics 
during the first 24  h postoperation as compared to 
those with the prescribed pregabalin (singledose 75 mg) 
(p < 0.05). The number of supplemental analgesics taken 
at T2 and T3 was significantly lower for the pregabalin 
group than for the ibuprofen group. In total, the patients 
needed 29 supplemental analgesics after pregabalin and 
37 after ibuprofen during the first 24 h postsurgery.

The data extracted from the patients’ VAS questionnaires 
and the recorded documents showed that one of  the pa
tients did not need any supplemental analgesics at any time 

point after both surgeries. All patients declared that even 
if they needed to, they would take only one supplemental 
analgesic (singledose 400 mg ibuprofen). Therefore, at all 
time points, the number of supplemental analgesics shows 
the exact number of patients that used them (Table 2).

Discussion
Postsurgical pain and discomfort affect patients’ quali

ty of  life and satisfaction with treatment. Tissue trauma 
during surgery and tooth extraction causes cellular dam
age and inflammation.23 Phospholipase A2 (PLA2) en
zymes catalyze the hydrolysis of cell membrane phospho
lipids, resulting in cyclooxygenasederived leuko trienes 
and lipoxygenasegenerated prostaglandins.24 Non
steroidal antiinflammatory drugs have strong peripheral 
and antiinflammatory effects, and can manage chronic 
pain perfectly. Ibuprofen, a member of the NSAID family, 
suppresses the synthesis of powerful inflammatory media
tors, but also inhibits platelet attachment and extends the 
bleeding time.25

Gammaaminobutyric acid analogs is a family of inhibi
tory neurotransmitters (e.g., gabapentin and pregabalin). 
Their exact mechanism of action is not clear, though pre
gabalin is known to diminish CNS irritability by affecting 
voltagedependent calcium (Ca) channels and reducing 
the release of glutamate, noradrenaline and substance P. 
The drug is completely absorbed after oral administra
tion, distributed to most tissues, and it crosses the blood–
brain barrier (BBB). Pregabalin has a 6hour halflife and 
minimum metabolism in the liver, resulting in a very low 
rate of drug interactions. More than 90% of pregabalin is 
excreted by the kidneys without any change.26 Pregabalin 
exerts its analgesic effect by manipulating voltage
dependent Ca and potassium (K) channels, which guide 
inflammatory amino acids.26

This doubleblind, randomized clinical trial was designed 
to examine differences between the analgesic effects of oral 
pregabalin capsules (singledose 75 mg) and oral ibuprofen 
capsules (singledose 400 mg) after third mandibular molar 
surgical extraction. When pregabalin was prescribed, the 
patients experienced significantly less pain only 2 h post
surgery (T1) as compared to ibuprofen  (p < 0.05). However, 
during the remaining 22 h, no significant differences were 
observed between the 2 groups. Tiippana et  al. reviewed 
the effects of gabapentin, pregabalin and narcotic drugs on 
postsurgical pain; their results corroborate our findings, 
though the optimum dosage was not reported.17

Generalized anxiety disorder (GAD) and CNS sensitivi
ty exacerbate postsurgical pain. Clinical studies show 
that prescribing GABA analogs before surgery decreases 
the release of glutamate – an excitatory neurotransmitter 
– and reduces patients’ anxiety. According to this, pre
gabalin declines pain intensity, opioid consumption and 
drug adverse effects after surgery.12,13

Table 1. Average levels of post-operative pain severity on a visual analog 
scale (VAS) in the participants after the completion of both surgeries

Time 
point

Pregabalin 
(single-dose 75 mg) 

(G1 and G2 combined)

Ibuprofen 
(single-dose 400 mg) 

(control) 
(G1 and G2 combined)

p-value

T0 0.24 ±0.66 0.28 ±0.74 0.714

T1 0.52 ±0.87 0.80 ±1.12 0.016*

T2 5.96 ±1.31 5.88 ±1.42 0.692

T3 4.12 ±1.51 3.92 ±1.15 0.446

T4 1.84 ±1.43 1.96 ±1.67 0.694

T5 0.64 ±0.76 0.64 ±0.76 1.000

T6 0.56 ±0.77 0.44 ±0.77 0.574

T12 0.36 ±0.49 0.32 ±0.63 0.802

Data presented as mean ± standard deviation (M ±SD). G1 – group 1 (the 
patients who were prescribed pregabalin after the 1st surgery and ibuprofen 
after the 2nd surgery); G2 – group 2 (the patients who were prescribed 
ibuprofen after the 1st surgery and pregabalin after the 2nd surgery); T0–T12 
– immediately and every 2 h post-surgery; VAS scoring – from 0 = no pain 
to 10 = unbearable pain; * statistically significant. 

Table 2. Total number of supplemental analgesics (single-dose 400 mg 
ibuprofen) taken by the participants after the completion of both surgeries

Time 
point

Pregabalin 
(G1 and G2 combined)

Ibuprofen 
(G1 and G2 combined) p-value

T0 0 0 1.000

T1 0 0 1.000

T2 20 23 0.018*

T3 7 12 0.050*

T4 2 2 1.000

T5 0 0 1.000

T6 0 0 1.000

T12 0 0 1.000

Total 29 37 0.043*

* statistically significant. 
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In many clinical cases, pregabalin has shown a  better 
analgesic effect than NSAIDs.26 In this clinical trial, we found 
that pregabalin produced better results during the first 2 h. 
PereiraSantos et al. claimed that diminishing the anxiety 
of patients undergoing dentoalveolar surgery significantly 
decreased pain.27 Meanwhile, Hill  et  al. discovered that 
300  mg pregabalin resulted in remarkably less pain than 
50 mg pregabalin in molar extraction; however, the side 
effects of highdose pregabalin were not considered.28

Paech  et  al. declared that singledose pregabalin 
(50 mg) had no significant analgesic effect on acute pain 
after minor obstetrics and gynecology (OBGYN) sur
geries.29 Women undergoing OBGYN surgeries can ex
press various pain levels depending on their pathologi
cal backgrounds, allergies, sensitivity, and mental health. 
Additionally, the prescribed dosage of  pregabalin in the 
abovementioned study29 (50  mg) was lower than the 
conventional dose used in similar studies. Furthermore, 
pregabalin mainly has an analgesic effect on acute bone
derived pain and does not show a significant effect on vis
ceral pain.29 Controlledrelease pregabalin can significant
ly reduce musculoskeletal pain in fibromyalgia patients.30 
Indeed, Pauer  et  al. demonstrated that 450  mg of  pre
gabalin per day significantly reduced pain in fibromyalgia 
patients and improved their sleep quality.31 In addition, 
Cheung et al. evaluated pain after third mandibular mo
lar surgery in 40 patients and discovered that prescribing 
pregabalin (75 mg) postsurgery had a significantly better 
analgesic effect than preoperative administration.14

OlmedoGaya  et  al. discovered that patients who re
ceived 2 doses of  pregabalin (75  mg) before and after 
third molar surgery had a significantly lower demand for 
supplementary analgesics than the group that did not take 
pregabalin.16 Both groups were prescribed acetamino
phen (650 mg) every 8 h for the first 48 h.16

In this randomized clinical trial, we discovered that 
patients in both groups started consuming supplemen
tary analgesics (singledose 400 mg ibuprofen) 4 h after 
the operation. This time coordinates with the halflife 
of  the local anesthetic drug administered and a  signifi
cant decrease in blood lidocaine concentration.16 There 
was a  significant difference in supplementary analgesic 
demand, with the control group requiring more supple
mentary analgesics (singledose 400 mg ibuprofen) in the 
first 24 h postsurgery.

Limitations 

The study limitations are as follows:
– determining the pain level was a challenging process for 

some patients;
– the anxiety rates had a direct effect on the patients’ per

ception of pain, and sometimes led to exaggeration and 
inaccuracy in the VAS records; and

– finding patients who had the same level of  impaction 
in their third mandibular molars was timeconsuming.

Recommendations 

More randomized clinical trials should be designed 
to investigate these findings further.

We suggest designing supplementary studies with 
more participants in all study groups and an additional 
focus on patients’ mental health. The patients’ stress 
and anxiety levels caused by the fear of  surgery sig
nificantly affected their perception of pain. A section 
of  the questionnaire could be dedicated to patients’ 
stress and anxiety levels.

Patients could be studied for an  extended period 
of time, with pregabalin being prescribed for days after 
surgery.

The effect of pregabalin and its superiority/inferior
ity with regard to NSAIDs could be examined in other 
oral surgeries (e.g., dental implants, pathologies and 
soft tissue surgeries).

Pregabalin could be compared with other analgesics, 
including combinational drugs.

Conclusions
Oral pregabalin (singledose 75 mg) had a better analgesic 

effect in the first 2 h after impacted third mandibular molar 
surgery than oral ibuprofen (singledose 400 mg) (p < 0.05). 
Furthermore, pregabalin (singledose 75  mg) significantly 
decreased the need for supplemental analgesics during the 
first 24  h postsurgery as compared to ibuprofen (single
dose 400 mg).

Trial registration 

The trial was registered with the Iranian Registry of Clinical 
Trials (https://www.irct.ir) (IRCT2016122131501N1).

Ethics approval and consent to participate 

The study was approved by the Iranian Ministry 
of Health and Medical Education and the Research Ethics 
Committee of  Dental Research Center at the Shahid 
Beheshti University of  Medical Sciences, Tehran, Iran 
(IR.SBMU.RIDS.REC.1395.392). All participants provid
ed written informed consent.

Data availability 

The datasets generated and/or analyzed during the current 
study are available from the corresponding author on reason
able request.

Consent for publication 

Not applicable.

https://www.irct.ir/
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Abstract
Background. Single-nucleotide polymorphisms (SNPs) in the IKKβ gene have been associated with sus-
ceptibility to various inflammatory illnesses, including periodontitis.

Objectives. The aim of  the present study was to investigate the association between IKKβ SNPs 
(at rs17875746 and rs12676482) and periodontitis in an Iraqi Arab population. 

Material and methods. In this case–control study, 94 Iraqi volunteers were split into 2 groups, with the 
case group including 62 periodontitis patients (37 men and 25 women) and the control group including 
32 racially matched healthy people (19 men and 13 women). Periodontal parameters were recorded for 
each individual. Then, 2 mL of venous blood was taken from each participant to isolate their genomic DNA. 
In particular, the genotyping of rs17875746 and rs12676482 in IKKβ was performed with the use of the 
polymerase chain reaction (PCR) sequencing methods.

Results. The effect of the distribution of  IKKβ SNPs on periodontitis was assessed by counting the odds 
ratio (OR), which was 5.264 for rs17875746 and 0.900 for rs12676482. Surprisingly, allele T revealed a sig-
nificantly higher association with periodontitis for rs17875746 (OR = 6.750) than allele G (p = 0.038). 
Overall, the GT genotype in rs17875746 had a higher chance of developing the disease (OR = 3.321) as 
compared to other genotypes. Meanwhile, the GA genotype in rs12676482 had a higher chance of de-
veloping the disease (OR  =  1.242) as compared to other genotypes. In addition, rs17875746 showed 
a significant positive association with tooth mobility, a family history, clinical attachment loss (CAL), and 
gingival recession (GR) in the study groups.

Conclusions. The IKKβ polymorphisms may increase genetic susceptibility to periodontitis in Iraqi Arab 
patients.
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Introduction
The breakdown of periodontal attachment and alveolar 

bone resorption are characteristic of the chronic inflam-
matory disease known as periodontitis. The disease is ini-
tiated by microbial plaque and exacerbated by risk factors, 
such as systemic diseases, genetic factors and environ-
mental factors.1 It has approx. 50% heritability, meaning 
that genetic variance influences people’s susceptibility to 
this disease.2 Specifically, genetic polymorphisms in the 
molecules involved in the pathogenesis of  periodontitis 
have been linked to an increased risk of periodontitis at 
an individual level.3,4

The transcription factor nuclear factor-kappa B (NF-κB) 
plays a critical role in regulating the inflammatory process-
es affecting the gingiva and the alveolar bone in periodon-
titis.5 Additionally, NF-κB is a heterodimer comprising the 
p65 and p50 proteins, which are associated with the inhibi-
tor of NF-κB (IκB) existing in an inactive form inside the 
cytoplasm. Nuclear factor-kappa B is activated through the 
phosphorylation of IκB by IκB kinase (IKK) and causes the 
expression of several selected genes, including those for in-
flammatory cytokines, such as interleukin-6 (IL-6), IL-1β 
and tumor necrosis factor-alpha (TNF-α).6–8 Three sub-
units make up the IKK complex – IKKα, IKKβ and IKKγ 
– and each is encoded by a different gene.9

IKKβ is essential for activating NF-κB and producing 
cytokines in response to inflammatory and innate immune 
stimuli, and is associated with the stimulation of malignan-
cies, such as breast cancer, pancreatic cancer, melanoma, 
and acute myeloid leukemia. Additionally, it is a  crucial 
mediator of  inflammation-induced bone loss (as in peri-
odontitis), a regulator of bone homeostasis, and it is neces-
sary for in vivo osteoclastogenesis. However, the primary 
role of  IKKβ in osteoclastogenesis is to prevent TNF-α 
from inducing the death of osteoclast precursors.8–10

Polymorphisms, most commonly single-base variations 
or single-nucleotide polymorphisms (SNPs), may affect 
gene expression or the protein synthesis rate, and influ-
ence the periodontium through the immunological re-
action, thus increasing susceptibility to periodontitis.11,12 
The examples of  such SNPs are IKKβ at rs17875746 and 
rs12676482. However, no previous study has reported cor-
relations between IKKβ genetic defects or variants and 
periodontitis. Furthermore, no study has evaluated the po-
tential genetic association between IKKβ polymorphisms 
and periodontitis. Hence, this novel study hypothesized 
that IKKβ SNPs are associated with periodontitis in Iraqi 
Arabs. Additionally, the rationale of  this study was that 
immunogenetics has the potential to provide novel and valu-
able knowledge regarding susceptibility to periodontitis.

Additional research is required to validate and broaden 
our basic knowledge on the genetic associations between 
periodontitis and inflammatory biomarkers that substan-
tially impact the disease. These associations and biomark-
ers are expected to play a significant role in periodontitis.

Material and methods

Study design and setting 

The study used a case–control design.
Blood samples were collected from subjects admit-

ted to the Department of Periodontology of the College 
of Dentistry at the University of Baghdad, Iraq, and the 
Iraqi National Centre for Blood Donation/Ministry 
of Health from March to August 2022.

Participants 

Eligibility criteria 

All participants (N = 94) were of the same ethnic back-
ground (Iraqi Arab), non-smokers, systemically healthy 
males and females, with ≥20 teeth. Any pregnant or lactat-
ing women, individuals with plaque retentive factors, 
such as orthodontic or prosthodontic appliances, and 
those receiving antibiotic therapy in the last 3 months or 
periodontal treatment in the previous 6 months were ex-
cluded (Fig. 1).

Fig. 1. STROBE (Strengthening the Reporting of Observational Studies 
in Epidemiology) flowchart of the study

PI – plaque index; BOP – bleeding on probing; PPD – probing pocket 
depth; CAL – clinical attachment loss; GR – gingival recession.
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Before blood specimens were collected, written in-
formed consent was obtained from each patient. The 
Institutional Ethics Committee of the College of Dentistry 
approved the study (No. 453).

Allocation 

The participants comprised 2 groups: the periodon-
tally healthy control group (n = 32); and the periodontitis 
group (n = 62).

Variables 

In particular, the criteria of  the European Federation 
of  Periodontology/American Academy of  Periodontology 
(EFP/AAP) were used to diagnose periodontitis and deter-
mine which participants belonged to each group. Periodon-
titis must exhibit an  unstable status, specifically, a  probing 
pocket depth (PPD) ≥5 mm or PPD ≥ 4 mm with bleeding 
on probing (BOP), as well as the absence of the risk factors 
for periodontal disease (diabetes mellitus and smoking). The 
control group had the following characteristics: PPD ≤ 3 mm 
without clinical attachment loss (CAL); and BOP < 10%.13,14

Measurements 

Clinical parameters, including the plaque index (PI), 
BOP, PPD, CAL, and gingival recession (GR), and the 
number of mobile and missing teeth were measured using 
a manual Michigan 0 periodontal probe and recorded by 
the same examiner.

Around 2–3 mL of venous blood was drawn from each 
individual and transferred into an ethylenediaminetetra-
acetic acid (EDTA) tube (1.5  mg/mL) for the genetic 
analysis of IKKβ by means of the polymerase chain re action 
(PCR) sequencing methods. These methods included DNA 
extraction, PCR amplification, direct Sanger sequencing, 
and data analysis. 

Bias 

Inter-examiner and intra-examiner calibration were 
conducted on 5 subjects until an agreement level of >0.75 
was reached for all clinical parameters. The inter-examiner 
and intra-examiner consistency for continuous data (PPD, 
CAL and GR) was determined using an interclass correla-
tion coefficient (ICC). Meanwhile, for categorical data (PI 
and BOP), the κ test was used to examine whether the 
correlations were significant. Any differences were dis-
cussed, and the sessions were repeated until the desired 
agreement level was reached.

Sample size 

A pilot study was conducted using the first 12 samples 
collected from each group, following an allocation ratio 

of  1:2 for financial reasons (i.e., 4 periodontally healthy 
samples and 8 periodontitis samples). The samples were 
analyzed using the PCR sequencing methods to validate 
the primers and calculate the sample size. The sample size 
was calculated with the use of an online calculator – Epi-
Tools (https://ausvet.com.au) – at a  95% confidence in-
terval (CI) and a power of 80%, using the odds ratio (OR) 
of genetic polymorphisms of IKKβ at rs17875746 between 
the control and periodontitis groups. The OR was 5.5 in 
the pilot study and thus, the sample size required for the 
current study was 87 (29 for the control group and 58 for 
cases per the allocation ratio of 1:2). This number was in-
creased to 94 subjects to account for dropouts during the 
laboratory tests. The values obtained from the pilot study 
were added to the final data of the main study.

Quantitative variables 

The DNA was isolated from the samples by using 
an  ABIOpure™ extraction kit (Alliance Bio, Bothell, 
USA). Then, the extracted DNA was quantified using 
a Quantus™ fluorometer (Promega Corporation, Fitchburg, 
USA). All DNA was stored at –40°C until tested. 
The primers were created by extracting the IKKβ gene 
sequence from the National Center for Biotechnology 
Information (NCBI) and using PrimerQuest (Integrated 
DNA Technologies, San Diego, USA), which covered 
most of the IKKβ gene, to find any potential SNPs present 
in the study groups and compare them to the expected 
sequences.

The DNA samples were amplified using forward and 
reverse primers (TGTAAAACGACGGCCAGTGCTCT-
CATGGGTCATTCTTATG and CAGGAAACAGCTAT-
GACCACCTTGCCGTCTGAAATAC) in a  lyophilized 
form with a  product size of  983 bp (Macrogen, Seoul, 
South Korea). The primers were optimized at 55°C, 58°C, 
60°C, 63°C, and 65°C to assess the ideal temperature and 
increase the accuracy of PCR amplification. The PCR am-
plification procedure for DNA was performed with a new, 
fast and ready-to-use PCR Express thermal cycler (Bio-
Rad Laboratories, Hercules, USA). The procedure includ-
ed 32 cycles, with 1 cycle at 94°C for 4 min (for initial de-
naturation), 30 cycles at 94°C for 30 s (for denaturation), 
at 60°C for 30 s (for annealing) and at 72°C for 30 s (for 
extension), and then 1 cycle at 72°C for 7 min (for final 
extension). The steps were stopped throughout incuba-
tion for 10 min at 4°C.

The PCR product of each sample (5 μL) was added to 
agarose gel, and electrophoresis was performed using 
an  agarose gel kit (Promega Corporation) to verify the 
exis tence of PCR amplification for 1 h (at 100 V and 50 A). 
After electrophoresis, the separated DNA bands in the 
gel were visualized under ultraviolet (UV) light, and the 
images obtained by using gel imaging equipment (Major 
Science Co., Ltd., Taoyuan City, Taiwan) were saved for 
further analysis (Fig. 2).

https://ausvet.com.au
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When gene fragments of the expected size appeared 
in PCR, the results were transmitted to Macrogen in 
South Korea, where the nucleotide sequences of these 
fragments were identified. The Basic Local Alignment 
Search Tool (BLAST), available from the NCBI site 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi), was used to 
analyze the sequences.

Statistical analysis 

All data collected in this study was analyzed using IBM 
SPSS Statistics for Windows, v. 28 (IBM Corp., Armonk, 
USA). The mean and standard deviation (M ±SD), median 
(Me), range, and number and percentage (n (%)) values are 
shown. The Mann–Whitney U test compared the 2 study 
groups, with the χ2 test used to compare categorical vari-
ables. Meanwhile, Spearman’s correlation coefficient (r) 
evaluated the association between polymorphisms and 
clinical variables.

The Hardy–Weinberg equilibrium (HWE) test was 
used to calculate the expected alleles from the observed 
genotypes. The association between a particular genotype 
and the disease risk was expressed with OR. Specifically, 
OR  =  1 indicated no association, OR  <  1 indicated 
a decreased risk and OR > 1 indicated an increased risk, 
while p-values <0.05 were considered significant.

Results

Descriptive data 

Table 1 provides an overview of the findings and the 
distribution of the demographic and clinical variables 
of  the groups. According to the Mann–Whitney U 
test, the periodontitis group had significantly greater 
PI and BOP than the control group, and significantly 
more mobile and missing teeth according to the χ2 test 
(p  ≤  0.001). Furthermore, the control group was free 
of PPD, CAL and GR.

Outcome data 

After sequencing with the Sanger method, 2 poly-
morphisms were detected in the IKKβ gene at rs17875746 
and rs12676482. Moreover, there was a  substitution 
of guanine (G) with thymine (T) in the rs17875746 SNP, 
while in the rs12676482 SNP there was a substitution of G 
with adenine (A), as shown in Fig. 3 and Fig. 4, respectively.

The HWE tests for rs17875746 for each group and the total 
sample revealed significant differences between the observed 
and expected SNPs in the periodontitis group and the total 
sample (p ≤ 0.001), while the results of  the equilibrium for 
rs12676482 were non-significant, as shown in Table 2.

Table 1. Demographic and clinical parameters of the study groups

Parameter
Control  
group 

(n = 32)

Periodontitis 
group 

(n = 62)
p-value

Age 
[years]

range 30–52 30–55
≥0.05†

Me 37 40

Sex
M (n (%)) 19 (59) 37 (60)

≥0.05‡

F (n (%)) 13 (41) 25 (40)

Family 
history

yes (n (%)) 2 (6) 10 (16)
≥0.05‡

no (n (%)) 30 (94) 52 (84)

PI 
[%]

M ±SD 16 ±10 65 ±23
≤0.001†***

Me 12 68

BOP 
[%]

M ±SD 6 ±4 48 ±19
≤0.001†***

Me 6 45

PPD 
[mm]

M ±SD – 4.51 ±0.62
–

Me – 4.30

CAL 
[mm]

M ±SD – 3.46 ±0.99
–

Me – 3.30

GR 
[mm]

M ±SD – 2.24 ±1.16
–

Me – 2.23

Teeth
mobile (n (%)) 0 (0) 46 (3)

≤0.001‡***
missing (n (%)) 16 (2) 198 (13)

The number of present teeth: 880 in the control group; 1,538 in the 
periodontitis group. M – mean; SD – standard deviation; Me – median; 
M – male; F – female; † Mann–Whitney U test; ‡ χ2 test; *** statistically 
significant at p ≤ 0.001.

Fig. 3. Analysis of the rs17875746 single-nucleotide polymorphism (SNP) 
of the IKKβ gene by means of Sanger sequencing

The single ‘G’ peak indicates a G homozygous allele, the single ‘T’ peak 
indicates a T homozygous allele, while the presence of the ‘G’ and ‘T’ peaks 
indicates a G/T heterozygous allele.

Fig. 2. Electrophoresis of the amplified IKKβ gene at 983 bp for some samples

M – 100-bp DNA ladder marker.

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Main results 

The SNP type, number and distribution for both groups 
are illustrated in Table 3. All SNPs detected after the se-
quencing of the IKKβ gene were of a single-base substitu-
tion, as there were 9 transversion SNPs in the periodontitis 
group and only one in the control group that belonged to 
rs17875746, exhibiting a non-significant difference. Mean-
while, there were 18 transition SNPs in the periodontitis 
group for rs12676482 and 10 in the control group for the 
same SNP, which represented a non-significant difference. 
The effect of the distribution of IKKβ SNPs on periodon-
titis was assessed based on OR with 95% CI, which was 
5.264 for rs17875746 and 0.900 for rs12676482.

The genetic analysis of  IKKβ SNPs revealed the 
allele frequency for both SNPs in the study groups 
(Table  4). For rs17875746, there was a  significant-
ly higher frequency of  allele G in the healthy group 
than in the periodontitis group. For rs12676482, the 
frequency of  allele  G was higher in the periodontitis 
group (83.9%) than in the healthy group (79.7%), while 
the control group showed a higher frequency of allele 
A (20.3%) than the periodontitis group (16.1%). How-
ever, the differences between the groups for alleles G 
and A for rs12676482 were non-significant (p > 0.05). 
Surprisingly, the frequency of allele T had a high asso-
ciation with periodontitis (OR = 6.750) for rs17875746. 
Moreover, the χ2 test was conducted to determine the 
genotype frequency of  all SNPs in IKKβ. The results 
showed non-significant differences in their distribu-
tion between the periodontitis and control groups 
(Table 4).

Other analyses 

In a  more detailed description, the results illustrate 
the impact of each genotype of IKKβ SNPs on the occur-
rence and prevention of the disease. The GT genotype in 
rs17875746 had a higher chance (OR = 3.321) for deve-
loping periodontitis than other genotypes. Meanwhile, 
the GA genotype in rs12676482 had a  1.242 chance 
of  developing the disease, which was higher than for 
other genotypes.

Fig. 4. Analysis of the rs12676482 single-nucleotide polymorphism (SNP) 
of the IKKβ gene by means of Sanger sequencing

The single ‘G’ peak indicates a G homozygous allele, the single ‘A’ peak 
indicates an A homozygous allele, while the presence of the ‘G’ and ‘A’ peaks 
indicates a G/A heterozygous allele.

Table 2. Hardy–Weinberg equilibrium (HWE) values in IKKβ single-nucleotide polymorphisms (SNPs) for the study groups

IKKβ Both study groups Control group Periodontitis group

rs genotype observed expected observed expected observed expected

17875746

GG 84 81.4 31 31.0 53 50.6

GT 7 12.1 1 1.0 6 10.8

TT 3 0.4 0 0.0 3 0.6

HWE 16.703 0.008 12.356

p-value 0.000*** 0.928 0.000***

12676482

GG 66 63.9 22 20.3 44 43.6

GA 23 27.2 7 10.4 16 16.8

AA 5 2.9 3 1.3 2 1.6

HWE 2.247 3.365 0.132

p-value 0.133 0.066 0.716

rs – reference SNP; G – guanine; T – thymine; A – adenine; *** statistically significant at p ≤ 0.001.

Table 3. Types of IKKβ single-nucleotide polymorphisms (SNPs) in the study groups

IKKβ 
polymorphisms

Control group Periodontitis group
OR (95% CI) χ2 p-value

n % n %

rs17875746 
(transversion)

1 3.1 9 14.5
5.264 

(0.636–43.550)
2.881 0.090

rs12676482 
(transition)

10 31.3 18 29.0
0.900 

(0.356–2.274)
0.050 0.824

OR – odds ratio; CI – confidence interval.
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The statistics presented in this study indicate a sig-
nificant positive association between rs17875746 and 
tooth mobility, a family history, CAL (p = 0.034), and 
GR (p = 0.011) in the study groups, while the associa-
tions of rs17875746 with other parameters were non-
significant (p  ≥  0.05). In addition, the associations 
of  rs12676482 with all parameters were non-signifi-
cant (p ≥ 0.05), as shown in Table 5. Furthermore, the 
results showed a  non-significant correlation between 
the SNPs of  IKKβ in the study groups, which is illus-
trated in Table 6.

Discussion

Key results 

Periodontitis can be defined as a complex genetic infec-
tious disease. Although periodontal pathogens are an ini-
tiating factor for periodontitis, other environmental and 
genetic risk factors play a critical role in its pathogenesis. 
Identifying these risk factors is crucial for the effective 
prevention and management of  the disease,15,16 which 
would influence the quality of  life of  adults in Iraq.17,18 
The significant differences in PI and BOP between the 
control and periodontitis groups shown in Table 1 can be 
explained by the fact that microbial plaque is the primary 
cause of  periodontal disease.3,15,19 In previous research, 
Nascimento de Macêdo et al. reported that a PI of 65% or 
more than 4 missing teeth were positively associated with 
periodontal tissue destruction20; this result is consistent 
with the findings of the current study.

The induction of  IKKβ by bacterial endotoxins, such 
as lipopolysaccharides, during the immune response ac-
tivates interferon regulatory factors (IRFs) and NF-κB in 
tissues.8,21 Nuclear factor-kappa B plays a critical role as 

Table 6. Correlation between IKKβ single-nucleotide polymorphisms (SNPs)

Correlation
rs17875746

r p-value

rs12676482 0.130 0.213

Table 4. Genotype and allele distribution of IKKβ single-nucleotide polymorphisms (SNPs) in the study groups

IKKβ 
polymorphisms

Genotype/ 
allele

Control group Periodontitis group
OR (95% CI) χ2 p-value RR

n % n %

rs17875746

GG 31 96.9 53 85.5
0.190 

(0.023–1.572)
2.881 0.090 0.882

GT 1 3.1 6 9.7
3.321 

(0.382–28.85)
1.315 0.252 3.097

TT 0 0.0 3 4.8 – 1.599 0.206 –

G 63 98.4 112 90.3
0.148 

(0.019–1.166)
4.319 0.038* 0.918

T 1 1.6 12 9.7
6.750 

(0.858–5.313)
4.319 0.038* 6.194

rs12676482

GG 22 68.8 44 71.0
1.111 

(0.440–2.808)
0.050 0.824 1.032

GA 7 21.9 16 25.8
1.242 

(0.451–3.421)
0.177 0.674 1.180

AA 3 9.4 2 3.2
0.322 

(0.051–2.036)
1.585 0.208 0.344

G 51 79.7 104 83.9
1.325 

(0.611–2.876)
0.510 0.475 1.052

A 13 20.3 20 16.1
0.754 

(0.348–1.637)
0.510 0.475 0.794

RR – relative reduction; * statistically significant at p ≤ 0.05.

Table 5. Associations of IKKβ single-nucleotide polymorphisms (SNPs) with 
demographic and clinical parameters

Parameter
rs17875746 rs12676482

r p-value r p-value

Age 0.096 0.355 0.067 0.518

Sex 0.192 0.064 –0.086 0.412

Plaque control 0.070 0.504 0.001 0.992

Family history 0.279 0.006** 0.095 0.360

PI 0.110 0.291 0.038 0.718

BOP 0.095 0.361 –0.119 0.255

PPD 0.145 0.163 –0.112 0.281

CAL 0.219 0.034* –0.042 0.686

GR 0.260 0.011* 0.046 0.656

Tooth mobility 0.215 0.037* 0.111 0.285

Tooth loss 0.156 0.133 –0.034 0.748

r – Spearman’s correlation coefficient; * statistically significant at p ≤ 0.05;  
** statistically significant at p ≤ 0.01.
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a potent inflammatory mediator, and a stimulator of osteo-
clastogenesis and bone resorption during periodon-
titis. Thus, IKKβ is a  crucial modulator of  osteoclast 
preservation and a necessary component of inflammation-
induced bone loss, unlike IKKα.10 This finding is corrobor-
ated by the significant positive association between IKKβ 
rs17875746 and tooth mobility, CAL and GR.

Interpretation 

Variations in the IKKβ gene have been linked to many 
inflammatory and proliferative diseases through the se-
cretion of  inflammatory cytokines, such as IL-1β and 
IL-6, which have substantial effects also on the patho-
genesis of periodontitis.8,22 Thus, the gene poly morphisms 
of  IKKβ may influence the genetic susceptibility profile 
of  periodontitis by influencing the inflammatory response. 
A study in mice by Kure et al. suggested that periodontal 
disease patients might benefit from an effective prevention 
or  suppression method that would inhibit IKK via the 
down-regulation of NF-κB.23

The most common type of  genetic polymorphism is 
SNP. In this case, a single nucleotide at a specific point is 
substituted by another nucleotide, and the structure and 
function of the gene are altered, which may consequently 
result in different diseases, like periodontal diseases and 
dental caries, especially in obese patients and those with 
poor oral hygiene.24–28 

The genetic variants of  IKKβ polymorphisms at 
rs12676482 have been evaluated for their role in vari-
ous disease states, such as the tumor risk in nasopharyn-
geal carcinoma tissues29 and the risk of  systemic lupus 
erythematosus in the Chinese population.30 However, 
another study on the Chinese population showed no 
genetic predisposition to systemic lupus erythematosus 
risk at rs12676482.31 Owing to such inconsistent results, 
additional research is required to confirm the precise 
process.

Identifying genetic susceptibility to periodontitis could 
be very useful for developing individual treatment stra-
tegies, new diagnostic methods and more effective pre-
ventive measures, as well as for gaining a  better under-
standing of  periodontitis pathogenesis.19 Thus, in the 
present study, 2 SNPs of the IKKβ gene at rs17875746 and 
rs12676482 were investigated and tested to determine 
their associations with the periodontitis risk in a sample 
of  the Iraqi population. Unfortunately, no references or 
studies were available to make comparisons with the cur-
rent results on IKKβ polymorphisms.

Complex diseases such as periodontitis are character-
ized by polygenic causes, and the genes involved in these 
diseases are regarded as susceptibility genes.32 Many sus-
ceptibility genes are thought to be related to periodonti-
tis, but the number and type of such genes in similar situ-
ations can vary among different forms of the disease and 
ethnicity.33 Therefore, in this study, we observed patients 

of the same ethnic background (Iraqi Arab), with no sig-
nificant differences in age and sex, to avoid any bias.

The results show the distribution of  the SNP geno-
types in an  Iraqi population. Homozygous TT and 
hetero zygous GT at rs17875746, and heterozygous GA 
at rs12676482 were the most prevalent genotypes in 
periodontitis cases in comparison with healthy controls 
(Table 4). However, the differences were not significant. 
Allele T (at rs17875746) and allele G (at rs12676482) were 
more prevalent in the periodontitis group as compared to 
controls; they were also associated with a higher disease 
risk, as indicated by the elevated OR (Table 4).

Our study has the obvious contribution of being the first 
to assess the possible association between SNPs in the 
IKKβ gene and susceptibility to periodontitis in an Iraqi 
Arab population. Furthermore, the main findings of  the 
study specified that IKKβ polymorphisms at rs17875746 
may result in greater susceptibility to periodontitis, which 
was supported by the elevated OR, as well as a  positive 
association between SNPs and increased tooth mobility, 
CAL and GR in the periodontitis group.

Limitations 

Our study has some limitations, with the sample size 
and the genetic heterogeneity of periodontitis being 2 re-
strictions that prevent the generalization of the findings. 
Furthermore, we did not detect the corresponding levels 
of the IKKβ gene and the IKKβ protein expression in each 
group. In this regard, the findings of  this study require 
further investigation.

Conclusions
The present study revealed that polymorphisms at 

rs17875746 and rs12676482 of  the IKKβ gene may be 
associated with genetic disease susceptibility in an Iraqi 
Arab population. Furthermore, a positive association be-
tween rs17875746 and tooth mobility, a  family history, 
CAL, and GR indicates the potential role of the SNP in in-
creasing the severity of periodontitis. Identifying genetic 
markers for periodontitis susceptibility would allow 
people at risk to be identified quickly, and might even-
tually aid periodontitis treatment through individualized 
therapy. However, more research is needed to evaluate the 
contribution of IKKβ to periodontitis in addition to other 
risk factors, i.e., pathological, genetic and environmental 
ones, because of its complicated nature.
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Abstract
Background. Arterial hypertension and periodontal diseases are pathologies with a  high prevalence 
worldwide. Recent evidence suggests a possible causal relationship between them. Patients with moder-
ate or severe periodontitis tend to have higher blood pressure measurements and a 30% to 70% higher 
likelihood of developing hypertension.

Objectives. The aim of this cross-sectional pilot study was to ascertain the prevalence of high blood pres-
sure in patients with periodontitis. 

Material and methods. The study included 40  patients diagnosed with periodontitis who required 
non-surgical periodontal treatment. Demographic, periodontal and clinical characteristics, including blood 
pressure measurements, were registered.

Results. Fifteen percent of the patients were classified as hypertensive (n = 6), 67.5% as high-normal 
(n = 27) and 17.5% as normotensive (n = 7). Recent studies have estimated that the prevalence of high-
normal blood pressure in the general population ranges between 30% and 50%. These findings suggest 
that patients with periodontal disease are more likely to have elevated blood pressure than patients with 
healthy periodontal tissues.

Conclusions. High-normal blood pressure is associated with a 3 times higher likelihood of developing 
hypertension, so early detection and prevention are crucial public health strategies. Despite the limitations 
of this pilot study, it highlights the role of dentists in the prevention, diagnosis and blood pressure control 
to improve health and cardiovascular risk of patients with periodontitis.

Keywords: periodontitis, blood pressure, hypertension, cardiovascular risk, high blood pressure
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Introduction
Arterial hypertension is a  significant preventable car-

diovascular risk factor that is associated with higher 
rates of  vascular mortality and morbidity.1 High blood 
pressure affects approx. 30–40% of the adult population 
worldwide.2 It is estimated that 1.39 billion people had 
hypertension in 2010,3 and it remains the leading cause 
of premature death in the world (10.4 million deaths per 
year).4 Due to the aging population and a high prevalence 
of  arterial hypertension, the global burden of complica-
tions from high blood pressure continues to rise. In this 
scenario, the control of blood pressure and identification 
of hypertensive patients is an essential public health goal. 

The etiopathogenesis of hypertension involves multiple 
mechanisms, such as environmental and pathophysi-
ological factors, which include autonomic and neurohor-
monal dysregulations, endothelial dysfunction, oxidative 
stress, mechanical changes, stiffness in the arterial wall, 
and local and systemic inflammation.5,6

Periodontal disease (gingivitis and periodontitis) is 
a multifactorial inflammatory condition caused by bacte-
ria that affect soft and hard periodontal tissues. It is found 
in 20–50% of the world’s population7 and one of its etio-
logical mechanisms is a  chronic inflammation response 
catalyzed by multiple mediators.8,9

The high prevalence of hypertension and periodontitis 
as well as their etiological similarities have been the sub-
ject of increased research.10 Recent articles suggest a pos-
sible causal relationship between the two conditions.11 
Patients with moderate or severe periodontitis tend to 
have higher blood pressure measurements, and there is 
a 30–70% higher possibility of developing hypertension 
in this population.12–14 Furthermore, recent evidence sug-
gests that the treatment of  periodontitis could benefit 
blood pressure levels.11,15

This data emphasizes the importance of  oral inflam-
mation in high blood pressure and the role that dentists 
and dental treatments can play in the prevention, detec-
tion and management of high blood pressure. High blood 
pressure is a  manageable risk factor, and its control di-
rectly affects the cardiovascular risk of patients. 

The aim of  this study was to ascertain the prevalence 
of  high blood pressure in patients with periodontitis in 
clinical practice.

Material and methods

Definition of hypertension  
and high-normal blood pressure 

Hypertension is defined as a  systolic blood pres-
sure (SBP) ≥140  mmHg and/or diastolic blood pressure 
(DBP) ≥90  mmHg in adults older than 18 years diag-

nosed in the office or clinic.2 There are 3 grades of  hy-
pertension: grade 1 hypertension (SBP: 140–159 mmHg 
and/or DBP: 90–99 mmHg); grade 2 hypertension (SBP: 
160–179  mmHg and/or DBP: 100–109  mmHg); and 
grade 3 hypertension (SBP ≥  180  mmHg and/or DBP 
≥ 110 mmHg). 

Ideally, hypertension should be diagnosed at more than 
one office visit (2–3 visits at 1- to 4-week intervals), and, 
if possible, the diagnosis should be confirmed by out-of-
office blood pressure measurements. This protocol is in-
tended to prevent white-coat hypertension, defined as el-
evated blood pressure in the clinic but not in out-of-office 
measurements. Patients with white-coat hypertension 
represent 10–30% of  the population and are typically at 
intermediate cardiovascular risk between normotensive 
patients and those with sustained hypertension.3,16 

Prehypertension, renamed high-normal blood pres-
sure in the 2018 European Society of  Cardiology (ESC) 
and the European Society of Hypertension (ESH) guide-
lines,2 is defined as SBP of 130–139 mmHg and/or DBP 
of  85–89  mmHg. In this classification,2 normal blood 
pressure is defined as SBP of 120–129 mmHg and/or DBP 
of 80–84  mmHg. Finally, optimal blood pressure is de-
fined as SBP < 120 mmHg and DBP < 80 mmHg. 

Definition of periodontitis 

According to the 2017 World Workshop on the Clas-
sification of  Periodontal and Peri-implant Diseases and 
Conditions,17,18 in the context of clinical care, a patient is 
considered a periodontitis case if:
– interdental clinical attachment loss (CAL) was detected 

in 2 or more adjacent teeth;
– buccal or oral CAL ≥ 3 mm (caused by non-periodonti-

tis causes) with pocketing ≥3 mm was detected in 2 or 
more adjacent teeth.

Inclusion and exclusion criteria 

The patients included in this study were adults with 
periodontitis who required non-surgical treatment, pa-
tients with 10 or more teeth and with the full capacity to 
provide consent. 

Pregnant and breastfeeding women, patients with local-
ized aggressive periodontitis, patients who received peri-
odontal treatment in the last 6 months, and patients with 
other severe concomitant diseases were excluded from 
the study.

Patient information 

After screening 50 patients, only 40 met the inclusion 
criteria. The included individuals were treated at the 
Department of Periodontology of Hospital Universitari 
Dexeus in Barcelona, Spain, from 2018 to 2021. They were 
diagnosed with periodontitis and required non-surgical 
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periodontal treatment. All patients provided written 
informed consent to participate in this study and for 
their data to be used for the purposes of  research. The 
study was approved by the Ethics Committee of Hospital 
Universitari Dexeus – Grupo Quironsalud, Barcelona, 
Spain (No. 2018/ODI-2018-01).

During the initial evaluation, the demographic, peri-
odontal and clinical characteristics of  the patients were 
recorded. Collected demographic data included sex, age, 
height, weight, and body mass index (BMI). According 
to the BMI values, the standard weight status categories 
are as follows: underweight (<18.5 kg/m2), healthy weight 
(18.5–24.9 kg/m2), overweight (25–29.9 kg/m2), and obe-
sity (≥30 kg/m2).19

A periodontogram, including the data on periodontal 
pocketing, CAL, bleeding on probing, tooth mobility, fur-
cation lesions, number of teeth present, and plaque index, 
was created for each patient. All individuals completed 
a  dental habits questionnaire, which included questions 
about the frequency and type of  toothbrush used, in-
terdental hygiene practices (dental floss, interproximal 
brushes, or none), whether there is bleeding on brushing, 
and the regularity of dental appointments. 

Collected clinical data included blood pressure measure-
ments (SDP, DBP and heart rate). As recommended by the 
ESC/ESH guidelines, these measurements were taken by 
a trained operator using a validated electronic upper-arm 
cuff device (boso Medicus Family 4; Bosch+Sohn GmbH 
& Co. KG, Jungingen, Germany), with the cuff appropri-
ately sized for the patient’s arm. Blood pressure measure-
ments were taken in both arms after 5 min of rest. If there 
was a consistent difference between the obtained values, 
the arm with the higher blood pressure value was used. 
Three measurements were taken at 2-min intervals, and 
the average of the last 2 measurements was used. The pa-
tient was seated with their back supported, feet flat on 
the floor, and the arm bare and resting at heart level. The 
patient was instructed not to talk during and between the 
measurements as well as not to smoke, drink coffee or ex-
ercise for 30 min prior to the visit.3 In order to perform 
the study, blood pressure measurements were taken dur-
ing the first 2 visits. The presented results are the aver-
age of the first- and second-visit blood pressure measure-
ments. Additionally, cardiovascular risk factors, such as 
diagnosed hypertension (or antihypertensive medication 
prescribed), diabetes mellitus, dyslipidemia, systemic 
diseases, and family history were recorded. Toxic habits, 
including smoking (the number of  cigarettes per day or 
years after quitting), alcohol consumption (the number 
of drinks per day) or the consumption of sugar drinks (the 
number of drinks per day), as well as healthy habits such 
as physical activity and healthy diet were noted.

The data was recorded manually and converted to 
an electronic data sheet. The Strengthening the Report-
ing of Observational Studies in Epidemiology (STROBE) 
statement was followed throughout the entire process.20

Data analysis 

In this descriptive study, data analysis was performed 
using the IBM SPSS Statistics for Windows software, 
v. 25.0 (IBM Corp., Armonk, USA). Blood pressure level 
was described as a  quantitative variable and expressed 
in  mmHg. The mean and standard deviation (M ±SD) 
were calculated and followed a normal distribution.

The remaining important variables were categorical. 
Gender was dichotomous (male and female). Age was 
considered a quantitative variable, but it was divided  into 
3 groups (patients under 35 years, patients between 36 
and 59 years, and patients aged 60 years or older). Smok-
ing habit was also a  dichotomous variable (smoker or 
non-smoker). Former smokers were included in the non-
smoker group. Body mass index was calculated as a quan-
titative variable, but it was divided into 2 groups: values 
between 18.5 and 25  kg/m2 were classified as healthy 
weight, and values above 25  kg/m2 were categorized as 
overweight and obese.

Results 
Forty Caucasian patients were included in the study: 19 

men (47.5%) and 21 women (52.5%). Their mean age was 
47.7 years (47.88 for men and 47.7 for women) (Table 1).

Of  these 40 patients, 6 had hypertension (15%). Two 
individuals were taking medication but were included 
in this group due to high blood pressure measurements. 
They were referred to a  specialist for a  check-up. The 
other 4 patients went to a doctor after our appointment 
to confirm the diagnosis. Most of the patients (27; 67.5%) 
were classified as having high-normal blood pressure, and 
7 individuals (17.5%) had blood pressure measurements 
classified as normal. The hypertensive group had a mean 
age of 54.3 years; 3 were men (50%) and 3 were women 
(50%). The high-normal blood pressure group had a mean 
age of 45.9 years; 15 were men (55.5%) and 12 were wom-
en (44.5%). The normotensive group had a  mean age 
of  48.7 years; 1 was a  man (14.3%) and 6 were women 
(85.7%). The mean blood pressure measurements for the 
hypertensive, high-normal blood pressure and normoten-
sive patients were: SBP: 140.58 mmHg ±10.74 mmHg and 
DBP: 91.16 ±6.7 mmHg; SBP: 126.9 ±6.5 mmHg and DBP: 
85.83 ±6 mmHg; and SBP: 111.42 ±7.28 mmHg and DBP: 
73.14 ±3.93 mmHg, respectively (Fig. 1).

Three patients presented with other cardiovascular risk 
factors: 1 had diabetes (in the high-normal blood pressure 
group) and 2 had hypercholesterolemia (1 in the normo-
tensive group and 1 in the hypertensive group). In addi-
tion, 18 patients (45%) had a BMI above 25 kg/m2, which 
is considered overweight or obese. Four of these patients 
were hypertensive (22.2% of  the total in  this subgroup), 
11 were in the high-normal blood pressure group (61.1%) 
and 3 were in the normotensive group (16.7%). 
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Fifty percent (n  =  20) of  the patients were smokers; 
among the non-smoking individuals, 9 were ex-smok-
ers. Of  the smoking patients, 13 (65%) smoked more 
than 10 cigarettes per day. Regarding the blood pressure 
groups, 2 of the smokers were in the hypertensive group 
(33.3% of  the hypertensive patients), 16 of  the smokers 
were in the high-normal blood pressure group (59.2% 
of the high-normal blood pressure patients), and 2 of the 
smokers were in the normotensive group (28.6% of  the 
normotensive patients). 

Regarding alcohol consumption, 3 patients reported 
consuming more than 2 alcoholic drinks per day (7.5%), 32 
reported occasional alcohol consumption (e.g., weekends 
and holidays) (80%) and 5 patients indicated that they did 
not consume alcohol (12.5%). Among the 3 patients who 
reported no alcohol consumption, 1 was in the hyperten-
sive group, another was in the normotensive group, and 
the 3rd was in the high-normal blood pressure group. 

Evaluating physical activity (more than 3 workouts per 
week), 9 patients (22.5%) declared that they had regular 

physical activity, 19 patients (47.5%) reported occasional 
physical activity, and 12 (30%) declared no physical activ-
ity. Of these 12 sedentary patients, 25% were in the hy-
pertensive group (n = 3), 58.3% were in the high-normal 
blood pressure group (n = 7) and 16.7% were in the nor-
motensive group (n = 2).

The majority of patients (92.5%; n = 37) declared that 
they consumed a  healthy diet based on the Mediterra-
nean diet, with no consumption of carbonated and sugar-
sweetened beverages or junk food. 

Regarding oral hygiene habits, 50% (n = 20) of the pa-
tients used an  electric toothbrush, 35% (n  =  14) used 
a  manual toothbrush, and 15% (n  =  6) used both types 
of  toothbrush. The average time spent brushing their 
teeth was 2.125 min per day. Only 37.5% (n = 15) of the 
patients performed interproximal hygiene with either 
dental floss or interproximal toothbrushes, with an aver-
age of 1.4 uses per day. There were no differences between 
the groups. 

Discussion
Recent studies have shown that the prevalence of high-

normal blood pressure in the general population is 
30–50%.21–24 Patients with periodontal disease often pres-
ent with hypertension, which may include individuals in 
the early stages, such as those with high-normal blood 
pressure. 

In our study, only patients with periodontitis were 
included, and 67.5% had high-normal blood pressure. 
While the relationship between periodontal disease and 
arterial hypertension is well documented, there is limit-
ed research on prehypertensive states. Our findings may 
suggest that patients with periodontal disease are more 
likely to have high-normal blood pressure than patients 
with healthy periodontal tissues. 

Table 1. Prevalence of hypertension, high-normal blood pressure and normal blood pressure in patients with periodontitis

Variable
Total population  

(%) 
N = 40

Hypertension  
(15%) 
n = 6

High-normal  
blood pressure  

(67.5%) 
n = 27

Normal  
blood pressure  

(17.5%) 
n = 7

Gender 
n (%)

male 19 (47.5) 3 (50) 15 (55.56) 1 (14.29)

female 21 (52.5) 3 (50) 12 (44.44) 6 (85.71)

Age [years] 
n (%)

<35 6 (15) 0 (0) 5 (18.6) 1 (14.28)

35–59 29 (72.5) 4 (66.7) 20 (74) 5 (71.43)

≥60 5 (15.5) 2 (33.3) 2 (7.4) 1 (14.28)

Blood pressure 
levels [mmHg] 
M ±SD

SBP 126.25 ±11.07 140.58 ±10.74 126.9 ±6.5 111.42 ±7.28

DBP 84.41 ±7.96 91.16 ±6.7 85.83 ±6 73.14 ±3.93

Smoking 
n (%)

yes 20 (50) 2 (33.3) 16 (59.26) 2 (28.57)

no 20 (50) 4 (66.7) 11 (40.74) 5 (71.43)

BMI 
n (%)

18.5–25 (healthy weight) 22 (55) 2 (33.3) 16 (59.26) 4 (57.14)

>25 (overweight or obesity) 18 (45) 4 (66.7) 11 (40.74) 3 (42.86)

M – mean; SD – standard deviation; BMI – body mass index; SBP – systolic blood pressure; DBP – diastolic blood pressure.

Fig. 1. Distribution of the patients’ age by blood pressure (BP) values
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High-normal blood pressure is associated with 
a 3 times greater likelihood of developing hypertension.4 
Moreover, a  strong association has been found between 
this status, coronary artery disease and cardiovascular 
mortality.21,24 High-normal blood pressure is also associ-
ated with a worse cardiovascular risk profile and a high 
prevalence of metabolic disorders.25 Thus, it is essential 
to implement early detection, prevention and treatment 
strategies, not only for hypertensive patients, but also for 
those in prehypertensive states.23,24 

Some hypertension risk factors are gender (men are 
more likely to have hypertension than women), age (older 
people have a higher risk of hypertension), heart rate (>80 
beats/min), smoking habits, diabetes, hypercholesterol-
emia, overweight or obesity, early onset of menopause, and 
family history of cardiovascular diseases or hypertension.23

The majority of patients with high-normal blood pres-
sure (69%) do not qualify for drug therapy and are advised 
to make lifestyle changes.26 These changes include salt re-
duction, healthy food and drink consumption, moderation 
of  alcohol consumption, weight reduction, smoking ces-
sation, regular physical activity, and stress reduction. The 
findings of this study  suggest that the oral and periodontal 
status of prehypertensive patients should be assessed and 
periodontal treatment performed if necessary. Moreover, 
dentists may play an important role in the management and 
follow-up of  high-normal blood pressure patients. Dur-
ing the course of the study, 4 patients had repeatedly high 
blood pressure measurements and were unaware of  their 
hypertension status. These patients were referred to gen-
eral practitioners for a check-up, and in all 4 cases, hyper-
tension was diagnosed and treated pharmacologically.

This observational pilot study has some limitations, 
the most important being the small sample size. The low 
number of hypertensive and normotensive patients may 
have been a source of potential bias. In addition, there was 
no control group of healthy periodontal patients. It is also 
important to note the possible overestimation of  blood 
pressure levels due to white-coat hypertension. To con-
firm the diagnoses, it would be necessary to obtain 24-
hour blood pressure measurements of the patients.

Our results emphasize the importance of identifying the 
underdiagnosed patients who do not meet strict criteria for 
hypertension. These patients have more cardiovascular risk 
factors and can benefit from early preventive measures.

Further research with a larger population and prospec-
tive clinical trials is necessary to confirm the findings 
of this study. Additional investigation is needed to estab-
lish whether periodontal treatment could help control 
blood pressure levels in patients with prehypertension.

Conclusions
This descriptive and observational study suggests that 

there is a high prevalence of high-normal blood pressure 

among patients with periodontal disease. Additionally, we 
highlighted the role of dentists in the process of preven-
tion, diagnosis, control, and treatment of this state prior 
to the development of established arterial hypertension in 
order to improve patients’ health and reduce their cardio-
vascular risk.
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Abstract
Background. The long-term mechanical properties and stability of various resin composites in areas un-
der stress are questionable.

Objectives. The aim of the study was to determine the effects of long-term hydrothermal aging on the 
mechanical properties of a microhybrid conventional resin composite and its bulk-fill counterpart. 

Material and methods. We used a  conventional and high-viscosity restorative bulk-fill resin-based 
composites (RBCs) from one company. Bar-shaped specimens of each type of resin composite were fab-
ricated using steel molds and divided into 2 groups. The specimens were stored at 37°C for 24 h, and half 
of  the specimens in each group were subjected to the 3-point bending flexural test and microhardness 
measurement. The remaining specimens were aged for 10,000 thermal cycles between 5°C and 55°C, and 
then subjected to flexural testing and microhardness measurement. A Vickers microhardness tester was 
used to estimate the surface microhardness of the specimens. Data was analyzed using an independent 
t test and the Mann–Whitney U test. The statistical significance level was set at p ≤ 0.05. Scanning electron 
microscopy (SEM) was used to investigate the surface of each material.

Results. The bulk-fill RBC showed similar flexural strength and modulus to its conventional counterpart 
before aging. The flexural strength of both resin composites was significantly decreased after thermocycling 
(p < 0.001). Hydrothermal aging had no significant effects on the flexural modulus (p = 0.84). There was 
a significant decrease in the surface microhardness of the bulk-fill RBC. Scanning electron microscopy pho-
tomicrographs showed several pits as a result of the exfoliation of the filler particles on the surface of the 
bulk-fill RBC after aging.

Conclusions. The flexural strength of both resin composites decreased significantly after aging. The flex-
ural properties, surface changes and microhardness of the bulk-fill type were additionally affected by the 
aging process.

Keywords: aging, hardness, flexural strength, elastic modulus, composite resin
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Introduction
Scientific advances in dental materials have led to the 

expanded use of resin-based composites (RBCs) for re-
constructing large posterior stress-bearing areas previ-
ously reconstructed with amalgam.1,2 However, due to the 
depth-of-cure problems and the possibility of incorporat-
ing voids or contaminations between the increments, re-
storing deep cavities using 2-mm thick resin composite 
increments is extremely complicated. Some manufactur-
ers have launched new forms of resin composites, called 
bulk-fill materials, which are curable up to a 4–5-mm in-
crement thickness, thus speeding up the dental treatment 
process.3,4 

Bulk-fill materials offer a  promising solution to the 
challenges of technique-sensitive and time-consuming re-
storative treatments by employing the incremental tech-
nique, which uses low-shrinkage RBCs that allow clini-
cians to apply layers up to 4–5 mm of thickness. Placing 
resin composites in bulk results in more compact fills and 
prevents void contamination between composite layers.5

The increased depth of  cure can be controlled by in-
creasing the translucency of the material. Due to a linear 
correspondence between translucency and the amount 
of filler particles, reducing the filler content is an easy way 
to increase the depth of cure. The difference in refractive 
indices between the filler particles and the resin matrix, 
which governs how light is scattered within a  material, 
also affects the translucency of  dental materials. Trans-
lucency of experimental dental materials improved when 
the components of  an  RBC had similar refractive indi-
ces, as observed for bisphenol A-glycidyl methacrylate 
(BisGMA) and silica filler particles. Manufacturers have 
tried a number of strategies to increase the depth of cure 
of bulk-fill resin composites. Reducing filler content and 
increasing filler particle size are methods for reducing 
scatter at the resin–filler interface and improving light 
penetration.6,7

Some bulk-fill RBCs are called nano or nanohybrid 
RBCs because they contain a certain amount of low-size 
fillers. Because their diameter is smaller than the wave-
length of visible light, nanoparticles are unable to scatter 
or absorb it. As a result, they play a key role in light curing, 
increasing translucency and aesthetics.8 For example, Tet-
ric EvoCeram Bulk Fill (Ivoclar Vivadent, Schaan, Liech-
tenstein), in addition to having a conventional photoini-
tiator system also includes an initiator booster (Ivocerin®) 
that can polymerize the material in-depth.9 There are 
a few important details about the chemical composition 
of some bulk-fill RBCs. 

Resin-based composites are subject to temperature 
variations caused by nutrition in the oral cavity as well 
as complicated mastication forces, including a significant 
degree of  flexural stress.10 A  polymer-based material, 
such as composite resin, can endure deterioration when 
used in the mouth but its characteristics such as hard-

ness, flexural strength and elastic modulus may suffer.11,12 

Although various laboratory tests for dental compos-
ite resins are available, mimicking clinical performance 
is difficult. They can, however, help us understand how 
changes in the composition or processes affect the mate-
rial’s qualities. Flexural strength testing simulates clinical 
conditions in which materials must endure flexing, par-
ticularly in the posterior area. High flexural strength is 
required for the materials that may fail under large masti-
catory forces, albeit this has not been clinically proven.13

Thermal stresses are easily formed in resin composites 
due to various coefficients of thermal expansion and the 
heterogenous composition of their components, and they 
can be intensified by thermal cycling in the oral environ-
ment. The thermocycling test has gained widespread ac-
ceptance as a method to mimic the degradation of the ma-
terial’s mechanical properties and the quality of the bond 
strength.14 According to Gale and Darvell, 10,000 hydro-
thermal cycles with water temperatures ranging from 5°C 
to 55°C are recommended to demonstrate the durability 
of  the restorations and resemble 1 year of  in vivo func-
tioning.15

Changes in the formulation of bulk-fill material in terms 
of fillers, novel resins, stress modulators, and initiator sys-
tems have an impact on the long-term mechanical prop-
erties and stability of areas under stress. The mechanical 
stability of RBC fillings restored with bulk-fill material in 
stress-bearing areas has been the subject of some debate, 
presuming that the bulk-fill RBCs are adequately cured 
and mechanical properties within the incremental thick-
ness remain constant.9,16 Clinical studies on the bulk-fill 
class of  RBCs are limited and have short follow-up pe-
riods.17 However, bulk-fill RBCs seem to be a promising 
alternative for posterior restorations due to their ease of 
use and faster restoration time.18

Some studies have explored the behavior of  bulk-
fill RBCs in terms of degree of conversion (DC), depth 
of  cure and the appropriate light-curing unit.19,20 To 
the best of our knowledge, there is little information in 
the literature on the physical and mechanical behavior 
of  aged bulk-fill RBCs, such as flexural properties and 
microhardness, in the long-term aging process. There-
fore, the purpose of  the current study was to compare 
the mechanical performance of a bulk-fill and a conven-
tional RBC before and after hydrothermal aging using 
10,000 thermal cycles. 

Material and methods
A conventional RBC and a  restorative bulk-fill RBC 

(Master-Fil™ BULKFILL) from the same company 
(Dentonics, Monroe, USA) were selected for this study. 
Eighteen bar-shaped specimens of  each composite res-
in were fabricated using a  steel mold and divided into 
2 groups (n = 9 for each group).
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The International Organization for Standardization 
(ISO) recommends the use of 25 mm × 2 mm × 2 mm 
specimens for flexural testing.21 Producing samples 
of  this size without any defects and flaws is very chal-
lenging and requires several overlapping irradiations 
due to the smaller size of  the curing tips used in the 
light-curing units compared to the length of  the speci-
men. Additionally, even though these ISO samples con-
sume large amounts of  material, they have no clinical 
relevance because the cervico-incisal length and mesio-
distal width of  teeth usually do not exceed 13 mm and 
11 mm, respectively.2

The mini-flexural test was chosen for this investigation 
because of  its clinical relevance, higher efficiency and 
a significant correlation with the ISO flexural test.2,9 The 
material for RBCs was compressed between 2 glass plates 
with intervening mylar sheets, separated by a steel mold 
measuring 16 mm × 2 mm × 2 mm, to produce the speci-
mens.9 The specimens were irradiated on the top surface, 
as indicated by ISO 4049 standards.21 

The assembly was clamped using a small screw clamp 
capable of exerting pressure. The middle thirds of  the 
specimens were cured first with a 1200 mW/cm2 multi-
wave  led light-curing unit (X-cure; Guilin Woodpecker 
Medical Instrument Co., Ltd., Guilin, China) for 20 s, and 
then the remaining thirds, which overlapped the middle 
thirds, were treated. Test specimens were separated from 
their molds, and the flash was removed using 600, 800 
and 1000 grit silicon carbide (SiC) papers and then stored 
in distilled water for 24  h. The specimens of  each type 
were randomly divided into 2 groups. Half of  the speci-
mens of each type were subjected to the 3-point bending 
flexural test using a universal testing machine (STM-20; 
SANTAM Engineering and Design Co., Tehran, Iran). 
The remaining specimens were placed in a basket that al-
ternated between 5°C and 55°C water baths with a dwell 
time of  20  s and a  rest time of  20  s for 10,000 thermal 
cycles (Delta Tpo2; Nemo, Mashhad, Iran).

For flexural testing, the specimens were loaded un-
til fracture using a universal testing machine (STM-20; 
SANTAM Engineering Design Co.) with a  load cell 
of 6 kg (Bongshin Loadcell Co., Ltd., Seongnam, South 
Korea) at a crosshead speed of 0.5 mm/min and a 12-mm 
distance between the supports. The maximum load ap-
plied to the specimen was recorded, and the flexural 
strength [MPa] was calculated using the following for-
mula (Equation 1):

 (1)

where:
F – maximum load on the specimen [N];
L – distance between the supports [mm] (12 mm);
b – specimen’s width [mm]; and
h – specimen’s height [mm]. 

The flexural modulus [MPa] was determined using the 
following formula (Equation 2):

  (2)

where:
d – sample’s deflection corresponding to F.

After flexural testing, fragments larger than 8 mm were 
used to determine the micromechanical properties of the 
specimens in each group.9 Measurements were taken at 
the top of  bar-shaped specimens, approx. 4  mm away 
from the breaking edge, with 3 measurements per sample. 
The surface microhardness of  the specimens was mea-
sured using a microhardness tester (Bareiss Prüfgerätebau 
GmbH, Oberdischingen, Germany) under a load of 300 g 
for 15 s for 9 specimens. The average value of  the 3 in-
dentations for each specimen was taken as the Vickers 
hardness number (VHN).12 An independent t test and the 
Mann–Whitney U test were used to analyze the data. The 
statistical significance level was set at p ≤ 0.05.

A scanning electron microscope (SEM) (VEGA3; TES-
CAN, Brno, Czech Republic) was used to investigate the 
surface of each material. Two specimens from each group 
were randomly chosen for this evaluation, sputter-coated 
and observed with the use of SEM.22 The SEM photomi-
crographs were taken at ×2,000 magnification.

Results
The flexural strength and the flexural modulus of conven-

tional and bulk-fill RBCs are shown in Table 1. The bulk-
fill RBC showed similar flexural strengths and moduli to its 
conventional counterpart before aging. No statistically sig-
nificant differences were found between conventional and 
bulk-fill RBCs in terms of flexural strength and modulus at 
the beginning of the experiment (p = 0.34 and p = 0.28, re-
spectively). The flexural strength of both RBCs was signifi-
cantly decreased after thermocycling (p < 0.001). The lowest 
flexural strength (52.62 MPa) was observed for the bulk-fill 
RBC after aging. The flexural modulus was decreased af-
ter thermocycling, but the difference was not statistically 
significant (p = 0.84). Both materials met the ISO require-
ment for the average flexural strength (80 MPa) for sculpt-
able RBCs before aging. However, after aging, a statistically 
significant decrease was observed in the flexural strength, 
which was more pronounced in the bulk-fill composite.

Before aging, the microhardness values of the bulk-
fill RBC were similar to those of the conventional RBC 
(p = 0.848). However, after aging, the bulk-fill RBC showed 
significantly lower microhardness values when compared 
to the baseline. There was no statistically significant dif-
ference in the conventional RBC microhardness values 
before and after aging (Table 2).
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Scanning electron microscopy images of the 2 types 
of resin composites are shown in Fig. 1 and Fig. 2. Ir-
regularly shaped filler particles were found in both res-
in composites. In the bulk-fill type, clusters of  fillers 
with approximate nano dimensions can be seen. The 
mechanical properties of the composite resins deterio-
rate during the aging process, as evidenced by surface 
changes, resin–matrix degradation and filler debond-
ing, all of which can be seen in the SEM images. As the 
composite resin aged, several pits appeared as a result 
of  exfoliation of  filler particles. These findings may 
explain the reported behavioral variations before and 
after the aging process.

Discussion
Few studies have compared the mechanical properties 

of bulk-fill RBCs with other types of RBCs after a short pe-
riod of aging. Eweis et al. compared the flexural strength 
and the flexural modulus of high-viscosity and flowable 
bulk-fill RBCs to conventional RBCs obtained from the 
same company after 7 days of aging in different solutions.2 
However, longer exposure to the medium is necessary to 
mimic the wet environment of the oral cavity and evaluate 
the clinical performance of the material. 

In the study conducted by Benalcázar Jalkh  et  al.,14 
the mechanical properties of different materials, includ-
ing bulk-fill composites, were examined after 500 ther-
mal cycles, but the authors used the biaxial flexural test 
that differs from the flexural test recommended by ISO 
4049. In the studies by Haugen et al.,23 Ilie et al.9 and Riz-
zante et al.24 on bulk-fill materials, the aging period did 
not exceed 24  h. Therefore, our objective was to evalu-
ate long-term artificial aging-induced alterations up to 
10,000 hydrothermal cycles in a bulk-fill composite resin 
and its conventional counterpart. We examined the me-
chanical properties of a microhybrid RBC from Dentonics 
and its bulk-fill counterpart.

Composite resins with a  lower modulus may not pro-
vide an adequate occlusal stress buffer, so they should be 
capped with conventional materials. Composites with 
increased stiffness are necessary in high-stress situations 
to prevent the deformation of the restoration, which may 
lead to fractures. For stress-bearing situations, various 
physical properties of  the composites, such as strength, 
fracture and abrasion resistance, must be addressed in ad-
dition to the modulus. Therefore, a high-modulus mate-
rial is preferred when using bulk-fill (full-body) RBCs to 
reconstruct large posterior stress-bearing areas.2,23

In the present study, the bulk-fill RBC exhibited simi-
lar flexural strength to its conventional counterpart at the 
beginning of the experiment. The flexural strength of the 
bulk-fill RBC was significantly reduced after thermocy-
cling compared to the conventional composite. Studies 
have reported that bulk-fill RBCs contain polymeriza-
tion modulators and novel monomers in the resin matrix, 
which are intended to reduce the polymerization stress 
of these materials.9 These changes may weaken the poly-
mer network and decrease the resistance of  these ma-
terials to moisture.25 A further reduction of  the flexural 

Table 1. Flexural strength and flexural modulus of the tested materials

RBC type
Flexural strength [MPa] Flexural modulus [GPa]

before aging after aging p-value before aging after aging p-value

Conventional 129.50 ±21.32a 73.59 ±14.39b <0.001* 3.59 ±0.86a 3.03 ±0.79a 0.17#

Bulk-fill 120.05 ±19.35a 52.62 ±8.19c <0.001* 4.09 ±0.99a 3.12 ±0.91a 0.136*

p-value 0.34# <0.001* – 0.28# 0.84# –

RBC – resin-based composite; * Mann–Whitney U test; # independent t test. Values marked with different superscript letters in each test are significantly 
different (p ≤ 0.05). 

Table 2. Microhardness of the tested materials

RBC type
Microhardness [kgf/mm2]

before aging after aging p-value

Conventional 84.05 ±14.88a 86.43 ±7.16a 0.616#

Bulk-fill 83.03 ±10.45a 75.88 ±4.88b 0.048#

p-value 0.848# <0.001* –

* Mann–Whitney U test; # independent t test. Values marked with different 
superscript letters in each test are significantly different (p ≤ 0.05). 

Fig. 1. Scanning electron microscopy photomicrographs of a conventional 
Master-Fil™ resin composite before (A) and after (B) hydrothermal aging

Pit defects are marked with an arrow (×2,000 magnification).

Fig. 2. Scanning electron microscopy photomicrographs of a Master-Fil™ 
bulk-fill resin composite before (A) and after (B) hydrothermal aging

Pit defects are marked with an arrow (×2,000 magnification).
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strength values observed in the present study after aging 
may be due to differences in the type, composition and 
properties of the resin matrix in the bulk-fill RBCs.

Conversely, in the study by Benalcázar Jalkh et al.,14 the 
decrease in the flexural strength of composite resins after 
thermocycling was lower than in our study. The disparity 
in the aforementioned study’s results could be attributed 
to the variety of the materials tested and the study method 
used (a biaxial flexural strength test). In addition, the au-
thors conducted only 500 thermal cycles to age the RBCs 
in their investigation. 

The ISO 4049 recommends a  minimum flexural 
strength of 80 MPa for restorative materials affecting out-
er occlusal surfaces.21 The results of this investigation for 
both materials exceeded this value at baseline; however, 
after 10,000 hydrothermal cycles, the flexural strength 
values were less than 80 MPa, not meeting the ISO 4049 
requirements for use as occlusal fillings. Although using 
bulk-fill composites for large posterior stress-bearing res-
torations makes the treatment easier and faster, our find-
ings demonstrated that the flexural strength of the bulk-
fill composite was further reduced after aging compared 
to the conventional RBC. 

At the beginning of the present study, the flexural mod-
ulus of the bulk-fill composite was higher than that of the 
conventional type, but this difference was not statistically 
significant. This may be due to the fact that the bulk-fill 
composite was comparable in filler content to its conven-
tional counterpart. El-Safty et al. discovered a strong rela-
tionship between modulus and filler loading.26

Although ISO 4049 does not specify the exact values 
for the flexural modulus of  resin composite materials, 
according to earlier studies, the flexural modulus should 
be similar to that of dentin, which necessitates a highly 
filled composite resin. A lower flexural modulus is pref-
erable to reduce the negative effects of polymerization 
stress.24,27

The mechanical properties of  composite resins de-
pend on their composition. Resin-based composites with 
higher amounts of inorganic fillers have a better flexural 
modulus.9,28 However, there is an exception to this rule. 
For example, Tetric EvoCeram Bulk Fill, despite its high 
filler content, shows moderate flexular modulus values 
due to the presence of pre-polymerized fillers in its com-
position, which are included in the total amount of  fill-
er.9,23 Therefore, the content of inorganic filler, which ac-
tually increases the modulus of elasticity, is lower in this 
material compared to its corresponding high-viscosity 
counterpart.9 Based on the information provided on the 
Dentonics website (https://www.dentonics.com/com-
posites-and-restoratives?page=2), there is no evidence 
of  incorporating pre-polymerized fillers in the bulk-fill 
RBCs employed in this investigation. Furthermore, while 
barium glass filler particles, BisGMA and methacrylate 
monomers are mentioned, no information is given on the 
filler loading percentage.

Radiopaque fillers such as barium, strontium and zir-
conium are commonly employed in the composition 
of RBCs. These types of fillers, particularly barium glass, 
can cause a  loss in flexural properties due to their weak 
hydrolytic stability.22,29

In a study conducted by Rizzante et al.,24 bulk-fill RBCs 
presented a  wide variety of  elastic modulus values, but 
they were generally comparable to RBCs with a  regular 
viscosity. Furthermore, when compared to conventional 
composites, bulk-fill RBCs generated the same amount 
of  shrinkage stress, especially when larger increments 
were employed. However, Janda et al.30 found no statisti-
cally significant differences in the modulus after thermo-
cycling that would be consistent with the results of our 
study.

The microhardness of resin composites is not only de-
termined by the organic matrix and the inorganic fillers 
but also depends on the density and structure of the poly-
mer as well as the DC after polymerization. The higher 
the number of filler particles, the higher the surface hard-
ness of the material. Hardness is also used as an indirect 
method of measuring the DC; the higher the conversion 
rate, the higher the hardness value.31,32

The initial results of microhardness in the conventional 
and bulk-fill RBCs in this study were similar, which may 
have been due to the loading of  similar filler content in 
these 2 types of composites. The results of the studies by 
Ilie et al.9 and Puspitasari et al.31 demonstrated that some 
bulk-fill RBCs show less hardness than conventional RBCs 
with the same filler content. This difference is related to 
the presence of  pre-polymerized organic fillers in addi-
tion to inorganic fillers in these materials. According to 
the information on the Dentonics website, pre-polymer-
ized fillers were not present in the composite resins used 
in this study. In addition, filler loading is not mentioned.

The results of  the studies by Tuncer  et  al.33 and 
Ghavami-Lahiji et al.12 showed that 10,000 cycles of ther-
mocycling significantly reduced the hardness of the com-
posites, which could be due to the absorption of  water 
into the composite resins. Prolonged thermal cycling 
can cause water absorption and matrix swelling. Water 
can act as a plasticizer, weakening the polymer network 
and impairing the matrix–filler interface. This is due to 
the breakdown of chemical bonds at the silane–filler in-
terface caused by water. Filler–matrix debonding, resin 
softening and even hydrolytic degradation of fillers could 
all be caused by the water absorbed by the polymer net-
work,12,22 which could impact the mechanical properties 
of the resin composite.

Our findings revealed a  significant reduction in the 
microhardness of  the bulk-fill RBC after thermocycling, 
which was not observed in the conventional RBC from 
the same company. The presence of a different polymer 
network in the bulk-fill material may be the cause of this 
issue. Studies have shown that polymer chains with a high 
crosslinking density absorb less water because of reduced 

https://www.dentonics.com/composites-and-restoratives?page=2
https://www.dentonics.com/composites-and-restoratives?page=2
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free space, resulting in greater thermal stability.34,35 The 
greater microhardness of  the conventional RBC com-
pared to the bulk-fill material after thermocycling may be 
attributed to a denser resin network in the conventional 
composite or a higher DC. Furthermore, microhardness 
values of  the bulk-fill composite decreased after aging, 
which was consistent with the flexural strength of this 
material. 

Scanning electron microscopy photomicrograph dem-
onstrated several pits due to filler particle exfoliation on 
the surfaces of the RBCs after aging. The number of pit de-
fects and the deterioration of the resin network were large 
enough to affect their characteristics, and these changes 
were more pronounced in the bulk-fill RBC (Fig. 2). 

The findings of  this study show that the mechanical 
properties of composites deteriorate over time, especially 
in bulk-fill materials. According to Leprince  et  al., the 
swelling behavior of some bulk-fill RBCs can be problem-
atic, and a capping substance is required not only for aes-
thetic reasons but also to decrease the destructive proper-
ties of the material.27

Limitations 

It is important to note that the study investigated only 
one conventional and one bulk-fill RBC from one manu-
facturer. Furthermore, the success of composite resin res-
torations is complex and dependent on a number of fac-
tors. Material, clinical, patient, and professional factors 
can all affect the longevity of dental restorations. Despite 
the deteriorative alterations seen in the current investi-
gation, such factors should be considered for RBCs, es-
pecially in the high-viscosity bulk-fill class exposed to 
aging in the posterior region. Further research into the 
functioning of RBCs in clinically relevant situations is re-
quired.

Conclusions
The bulk-fill RBC showed similar flexural strength, 

modulus and surface microhardness to its conventional 
counterpart before aging. 

Hydrothermal aging decreased the flexural strength 
of both composite resins, and no statistically significant 
difference was found in the flexural modulus.

Aging had a negative effect on the surface microhard-
ness of the bulk-fill RBC but had no significant effect on 
the surface microhardness of the conventional RBC.

The flexural strength, surface microhardness and sur-
face changes of the bulk-fill type were further influenced 
by aging.
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Abstract
Background. The neodymium-doped yttrium aluminum garnet (Nd:YAG) laser has various therapeutic 
applications in dentistry, including the treatment of  dentin hypersensitivity and the bacterial reduction 
therapy in periodontology. The addition of antimicrobial agents may enhance the impact of the laser on 
bacterial viability.

Objectives. This in vitro study aimed to assess the effect of Nd:YAG laser application in combination with 
various chemical antimicrobial agents, including hydrogen peroxide (H2O2), sodium hypochlorite (NaOCl), 
chlorhexidine (CHX), and sodium fluoride (NaF), on the viability of  bacteria implicated in the etiology 
of root caries. 

Material and methods. Three oral bacterial species were examined: Streptococcus mutans (S. mutans); 
Streptococcus sanguinis (S. sanguinis); and Enterococcus faecalis (E. faecalis). The bacteria were grown in 
broth at 37°C, and then treated with the chemical agents and/or irradiated with an Nd:YAG laser for 30 s. 
Each treatment modality was repeated 3 times: group 1 – no treatment; group 2 – 0.5% H2O2; group 
3 – 0.5% NaOCl; group 4 – 0.12% CHX; group 5 – 2% NaF; group 6 – Nd:YAG laser irradiation; group 
7 – laser and 0.5% H2O2; group 8 – laser and 0.5% NaOCl; group 9 – laser and 0.12% CHX; and group 
10  –  laser and 2% NaF. The viability of  the bacteria was determined by plating them, counting viable 
colonies, converting the data into colony-forming units (CFUs)/mL, and transforming them into the log 
form. Statistical analysis was performed using the two-tailed paired t test.

Results. Irradiation with an Nd:YAG laser alone did not show a statistically significant effect against any 
of the bacterial species. The only effective antimicrobial used alone was CHX for S. mutans. Chlorhexidine 
with Nd:YAG resulted in a greater reduction in S. mutans and E. faecalis than either treatment alone. Mean-
while, H2O2 with Nd:YAG also showed an enhanced S. mutans reduction. Treatment with 0.5% NaOCl in 
conjunction with Nd:YAG brought the most significant reduction in viability for all bacteria in comparison 
with other treatment modalities.

Conclusions. The Nd:YAG laser combined with 0.5% NaOCl resulted in the most substantial reduction in 
bacterial survival as compared to the antimicrobials or the Nd:YAG laser used alone.

Keywords: antimicrobials, root caries, neodymium laser
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Introduction
Periodontitis is a  multifactorial chronic inflamma

tory disease in a susceptible host, initiated by bacteria 
and driven by the interaction between the biofilm and 
the host immune response, resulting in tissue destruc
tion and the development of periodontal pockets.1 The 
progression and treatment of periodontal disease cause 
attachment loss, gingival recession and root exposure, 
which, apart from being esthetically unpleasing, may 
lead to dentin hypersensitivity and root caries.2 Root 
exposure can occur independently as a  consequence 
of aggressive tooth brushing, and the presence of thin 
alveolar housing or gingival phenotype. Additionally, 
recession is associated with aberrant frenal attach
ments, mucogingival deficiencies, the orthodontic 
therapy, the positional characteristics of  the teeth,3 
and natural aging.4

The roots may become susceptible to developing 
caries, which presents as progressive lesions on the root 
surfaces exposed to the oral environment due to some 
degree of periodontal attachment loss.5 The deminerali
zation of  the root surface is twice as rapid as in the 
case of enamel.6 The pooled prevalence of root caries is 
reported at 41.5%, and is growing due to the increasing 
human life span and dentition longevity.7 Furthermore, 
isolation, access, the adhesive properties of root surfac
es, and the lack of retention in preparations, associated 
with the root form and anatomy, present a challenge in 
the treatment of root caries lesions.

The microflora associated with root caries is different 
from that found in dentinal caries,8 with Streptococcus 
mutans (S. mutans), Streptococcus sanguinis (S. sanguinis) 
and Enterococcus faecalis (E.  faecalis) being 3 of  the 
bacterial species implicated in root caries etiology.8 
The onset and progression of caries on the root surface 
occur due to the bacteria metabolizing fermentable 
carbohydrates into acids, which initiate the deminerali
zation of  the root surface by removing calcium (Ca) 
and phosphate ions from the surface apatite.9 While 
this process starts in enamel at pH of 5.5, pH of only 
6.4 is enough for demineralization to begin on less 
mineralized cementum and dentin on the surface 
of  the exposed root. This lower degree of  minerali
zation makes the initiation and progression of  root 
caries considerably faster.10

Lasers have gained significant popularity in dentistry 
since the 1990s, and are used for various kinds of treat
ment.11,12 The neodymiumdoped yttrium aluminum 
garnet (Nd:YAG) laser has a  wavelength of  1,064 nm 
and can penetrate deeper into the tissue, targeting 
dark pigments, such as melanin and hemoglobin, as 
its chromophores. The Nd:YAG laser, through exert
ing a photothermal effect, is capable of killing bacteria 
by evaporation, destruction or denaturation, which re
sults in their devitalization or inactivation.13,14 It can 

be achieved with a quartz fiberoptic tip, 200–320 μm 
in diameter, placed into the periodontal pocket15 up to 
5 mm16 to target pigments, with a  little effect on the 
nonpigmented tissues. Due to its ability to target the 
pigmented and inflamed gingival tissues, the Nd:YAG 
laser can effectively treat periodontal disease, leading 
to periodontal regeneration, with new cementum, peri
odontal ligament and alveolar bone observed during 
a histological analysis.17

Antimicrobial agents, such as chlorhexidine (CHX), 
have broad antimicrobial activity, as do the irrigants 
hydrogen peroxide (H2O2) and sodium hypochlorite 
(NaOCl), and are commonly used in dentistry to con
trol supragingival plaque. Chlorhexidine is a  potent 
allopathic reagent that has been used as a  wide
spectrum antiseptic agent since 1950 to target Gram
positive and Gramnegative bacteria, fungi, and some 
viruses, and has the ability to inhibit the formation and 
development of bacterial plaque for several hours.18,19 
Hydrogen peroxide has been used in dentistry for 
more than 70 years20; it shows a widespectrum anti
microbial activity against bacteria, yeasts, fungi, viruses, 
and spores.21 Sodium hypochlorite is also known for 
its antimicrobial effect, as well as fast bactericidal 
action and nontoxicity at a  proper concentration.22 
When combined with curettage, NaOCl effectively 
reduces soft tissue inflammation in periodontics,23 
and using 0.1% NaOCl during periodontal surgeries 
could potentially improve the healing and regenera
tion of the connective tissue.24 The American Dental 
Association (ADA) Council on Dental Therapeutics 
proposed using diluted NaOCl (0.1–0.5%) as an anti
septic mouth rinse for its rapid bactericidal action, 
relative nontoxicity, the lack of  color and staining, 
a low cost, and having no known contraindications.25 
Applying sodium fluoride (NaF) to tooth surfaces is 
a  wellestablished and commonly used method for 
preventing caries, as it promotes the remineralization 
of enamel and inhibits the production of bacterial acids.26 
Furthermore, in vitro studies have demonstrated the 
inhibition of demineralization by NaF combined with 
a carbon dioxide (CO2) laser.27

Limited research has been published on the ef
fect of  chemical antimicrobial agents combined with 
an  Nd:YAG laser on the viability of  bacterial strains 
associated with root caries. Therefore, this in vitro 
study aimed to evaluate the effectiveness of  H2O2, 
NaOCl, CHX, and NaF as adjuncts to Nd:YAG laser 
irradiation on the viability of  S.  mutans, S.  sanguinis 
and E. faecalis, with the ultimate goal of assessing the 
efficacy of  their application in the prevention of  root 
caries. The proposed hypothesis is that combin
ing a  chemical agent with an  Nd:YAG laser will lead 
to a  more substantial reduction in viable S.  mutans, 
S.  sanguinis and E.  faecalis colonies than using the 
chemical agent or the laser alone.



Dent Med Probl.2023;60(4):649–655 651

Material and methods

Bacterial cultures 

Three oral bacterial species associated with root caries 
were used as representatives in the study, including 
S. mutans (UA159), S. sanguinis (SK36) and E. faecalis. 
The bacteria were grown individually and treated in 
parallel. The bacterial species were obtained from the freezer 
stocks kept at –80°C, with 5 µL of  a  singleuse aliquot 
inoculated into 5 mL of  the Brain Heart Infusion (BHI) 
broth (Becton Dickinson, Franklin Lanes, USA), and then 
incubated overnight in an aerobic environment at 37°C. 
A  Genesys™ 150 spectrophotometer (Thermo Fisher 
Scientific, Emeryville, USA) measured the optical density 
(OD) of the cultures at 660 nm (OD660), which were then 
normalized to an OD of 0.5. Ten 150microliter aliquots 
of each bacterial strain were transferred to a 96well plate, 
to nonadjacent wells to provide 10 treatment groups for 
each experiment. The stock solutions of the chemical anti
microbial agents (3% H2O2, 5.25% NaOCl, 2% CHX, and 
75% NaF) were diluted in sterile distilled water to 4 times 
the desired final concentration. Then, 50 µL of each di
luted agent was added to the 150 µL of bacteria already 
present in each well, resulting in the concentrations listed 
below for each study group.

Laser irradiation was performed on the designated 
study groups in a  sterile biological safety cabinet, with 
the Nd:YAG and/or chemical agent treatment done in
dividually to ensure that each bacterial culture received 
contact with the chemical agent and/or the laser for 30 s. 
Following Nd:YAG laser irradiation, the treated sam
ples were diluted 50fold into fresh BHI broth, and then 
further diluted before being spread onto BHI plates with 
the use of an Eddy Jet 2 spiral plater (Neutec Group Inc., 
Farmingdale, USA). The plates were incubated in anaero
bic conditions at 37°C for 24–48 h. Each plate was exa
mined, with viable colonies counted and converted into 
colonyforming units (CFUs)/mL, which were logtrans
formed for statistical analysis.

Laser irradiation parameters 

A LightWalker Nd:YAG laser (Fotona, Ljubljana, Slovenia) 
with a wavelength of 1,064 nm and a 300micrometer fiber 
tip was used for the irradiation of the bacterial cultures in 
direct contact at 150 mJ, 20 Hz and 3 W for 30 s in the 
microshort pulse (MSP) mode (pulse duration of 100 µs). 
A disinfected aluminum foil barrier was applied to isolate 
the treated wells during laser irradiation and prevent the 
contamination of other wells by spatter. Each experiment 
was repeated 3 times.

Study groups 

The groups were formed as follows:
– group 1: bacteria (S. mutans, S. sanguinis or E. faecalis);
– group 2: bacteria (S. mutans, S. sanguinis or E. faecalis) 

+ H2O2 (0.5%);
– group 3: bacteria (S. mutans, S. sanguinis or E. faecalis) 

+ NaOCl (0.5%);
– group 4: bacteria (S. mutans, S. sanguinis or E. faecalis) 

+ CHX (0.12%);
– group 5: bacteria (S. mutans, S. sanguinis or E. faecalis) 

+ NaF (2%);
– group 6: bacteria (S. mutans, S. sanguinis or E. faecalis) 

+ Nd:YAG;
– group 7: bacteria (S. mutans, S. sanguinis or E. faecalis) 

+ Nd:YAG + H2O2 (0.5%);
– group 8: bacteria (S. mutans, S. sanguinis or E. faecalis) 

+ Nd:YAG + NaOCl (0.5%);
– group 9: bacteria (S. mutans, S. sanguinis or E. faecalis) 

+ Nd:YAG + CHX (0.12%); and
– group 10: bacteria (S. mutans, S. sanguinis or E. faecalis) 

+ Nd:YAG + NaF (2%).

Statistical analysis 

The combined effect of the irrigants and the laser on 
the log CFU bacterial count was assessed using the analy
sis of variance (ANOVA) model. Post hoc pairwise com
parisons were adjusted using Tukey’s adjustment. The 
significance level was set at 0.05.

Results
Significant differences were observed in bacterial re

covery with regard to the irrigant (the chemical anti
microbial agent) used, the Nd:YAG laser and the bacte
rial species for all combinations. Table 1 summarizes 
the models, while Table 2 presents pairwise compari
sons for the effect of the irrigants with and without the 
laser (irrigant + laser vs. irrigant alone), and Table 3 
shows pairwise comparisons for the effect of the laser 
with and without the irrigants (laser + irrigant vs. laser 
alone).

Table 1. Model results for the average colony count after treatment

Model F-value  
(ANOVA) p-value

Bacteria 12.91 <0.0001

Irrigant 170.92 <0.0001

Laser (Y/N) 134.98 <0.0001

Bacteria*Irrigant 7.71 <0.0001

Irrigant*Laser(Y/N) 32.13 <0.0001

Bacteria*Laser(Y/N) 0.91 0.4055

Bacteria*Irrigant*Laser (Y/N) 3.34 0.0015

Y – yes; N – no; values in bold indicate statistical significance (p < 0.05). 
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Figure 1 shows that the Nd:YAG laser demonstrated 
a  synergistic effect with NaOCl, reducing significantly 
more E.  faecalis than NaOCl alone (–5.74 log CFU/mL; 
adjusted p < 0.0001) or the laser alone (–9.28 log CFU/mL; 
adjusted p  <  0.0001), and reducing substantially more 
S. mutans than NaOCl alone (–6.63 log CFU/mL; adjust
ed p < 0.0001) or the laser alone (–8.89 log CFU/mL; ad
justed p < 0.0001). Furthermore, combining the Nd:YAG 
laser with NaOCl reduced more S. sanguinis than NaOCl 

alone (–6.41 log CFU/mL; adjusted p  <  0.0001) or the 
laser alone (–8.57 log CFU/mL; adjusted p < 0.0001).

The Nd:YAG laser had a synergistic effect with H2O2, 
reducing significantly more S.  mutans than H2O2 alone 
(–3.27  log CFU/mL; adjusted p  =  0.0240) and the laser 
alone (–4.24  log CFU/mL; adjusted p  =  0.0101). How
ever, the combination of Nd:YAG and NaOCl was more 
effective than Nd:YAG and H2O2 for S. mutans (–4.6 log 
CFU/mL; adjusted p = 0.0020 (data not presented)).

The Nd:YAG laser acted synergistically with CHX, 
killing significantly more S.  sanguinis than CHX alone 
(–5.24  log CFU/mL; adjusted p  <  0.0001) or the laser 
alone (–8.57  log CFU/mL; adjusted p  <  0.0001). The 
same was true for the Nd:YAG laser combined with CHX, 
which killed significantly more E. faecalis than CHX alone 
(–5.23 log CFU/mL; adjusted p < 0.0001) or the laser alone 
(–6.81 log CFU/mL; adjusted p < 0.0001). For S. mutans, 
CHX was effective on its own, with no additional benefit 
from the Nd:YAG laser (adjusted p = 0.300).

Chemical antimicrobial agents 

Sodium fluoride did not reduce the viability of S. mutans, 
S. sanguinis or E. faecalis when used alone or in conjunc
tion with the Nd:YAG laser. The only statistically signifi
cant reduction in bacterial growth by H2O2 was observed 
for S.  mutans when it was used with the Nd:YAG laser, 
though it did not eliminate all S. mutans bacteria (–3.27 log 
CFU/mL; adjusted p = 0.0240). Chlorhexidine proved to be 
an effective monotherapy for S. mutans, as it reduced the 
bacterial count to undetectable levels whether or not laser 
irradiation was used. Additionally, CHX was more effective 
on S. sanguinis (–5.24  log CFU/mL; adjusted p < 0.0001) 
and E.  faecalis (–5.23  log CFU/mL; adjusted p  <  0.0001) 
when used alongside the Nd:YAG laser.

The most extensive effect of NaOCl occurred in com
bination with the Nd:YAG laser; the synergistic effect was 
observed for all 3 bacterial species.

Table 3. Pairwise comparisons of the effect of the laser with and without 
the irrigants on the average colony count [log CFU/mL] 

Comparison Bacterial  
species Laser Irrigant

Estimated 
average 
change

SE
Adjusted 
p-value 

(Tukey's test)

Irrigant
vs.  
no irrigant

E. faecalis Nd:YAG

CHX –6.81 0.99 <0.0001*

H2O2 –3.11 0.99 0.2959

NaF –0.06 0.99 1.0000

NaOCl –9.28 0.99 <0.0001*

S. mutans Nd:YAG

CHX –8.89 0.99 <0.0001*

H2O2 –4.24 0.99 0.0101*

NaF 0.08 0.99 1.0000

NaOCl –8.89 0.99 <0.0001*

S. sanguinis Nd:YAG

CHX –8.57 0.99 <0.0001*

H2O2 –3.86 0.99 0.0388*

NaF 0.14 0.99 1.0000

NaOCl –8.57 0.99 <0.0001*

* statistically significant.

Table 2. Pairwise comparisons of the effect of the irrigants with and 
without the laser on the average colony count [log CFU/mL])

Comparison Bacterial  
species Irrigant

Estimated 
average 
change

SE
Adjusted 
p-value 

(Tukey's test)

Nd:YAG laser 
vs.  
no laser

E. faecalis

CHX –5.23 0.81 <0.0001*

H2O2 –2.06 0.81 0.7396

NaF –0.03 0.81 >0.9990

NaOCl –5.74 0.81 <0.0001*

none 0.08 0.81 >0.9990

S. mutans

CHX –0.26 0.81 >0.9990

H2O2 –3.27 0.81 0.0240*

NaF 0.06 0.81 >0.9990

NaOCl –6.63 0.81 <0.0001*

none –0.03 0.81 >0.9990

S. sanguinis

CHX –5.24 0.81 <0.0001*

H2O2 –1.52 0.81 0.9885

NaF 0.05 0.81 >0.9990

NaOCl –6.41 0.81 <0.0001*

none –0.08 0.81 >0.9990

SE – standard error; Nd:YAG – neodymium-doped yttrium aluminum garnet; 
E. faecalis – Enterococcus faecalis; S. mutans – Streptococcus mutans; 
S. sanguinis – Streptococcus sanguinis; CHX – chlorhexidine; H2O2 – hydrogen 
peroxide; NaF – sodium fluoride; NaOCl – sodium hypochlorite; CFU – colony-
forming unit; * statistically significant.

Fig. 1. Mean bacterial recovery [log CFU/mL] with a standard error (SE) 
with regard to various treatment modalities

+ Nd:YAG laser used; – no laser used.  
The significance of pairwise comparisons is reported in Tables 2 and 3. 
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Bacterial strains 

Enterococcus faecalis was reduced to undetectable levels 
with the NaOCl and Nd:YAG laser combined treatment. 
When used separately, neither NaOCl nor the Nd:YAG 
laser was able to achieve the same level of E. faecalis reduc
tion. The combination of NaOCl and the Nd:YAG laser 
had a  synergistic antimicrobial effect and was the most 
effective treatment for E. faecalis.

For S. mutans, the most effective treatment was CHX 
as a  monotherapy or in conjunction with the Nd:YAG 
laser, with both resulting in undetectable amounts of bacte
rial recovery after treatment. While the synergistic effect 
of NaOCl and the Nd:YAG laser was observed, S. mutans 
reduction with CHX was not enhanced by the addition 
of the Nd:YAG laser.

Streptococcus sanguinis achieved the highest reduction 
when CHX or NaOCl were used in conjunction with the 
Nd:YAG laser. Combining either CHX or NaOCl with the 
Nd:YAG laser resulted in undetectable bacterial levels, 
and was the most effective synergistic antimicrobial treat
ment for S. sanguinis.

This in vitro experiment evaluated only 3 bacterial 
species, providing a smallsample representation with 
regard to abundant bacteria engaged in the complex 
interactions present in the clinical environment.

Discussion
In this investigation, we showed the effect of the syner gistic 

application of an Nd:YAG laser and chemical antimicrobial 
agents on reducing the viability of S.  mutans, S.  sanguinis 
and E. faecalis in vitro. Based on our data, NaOCl combined 
with the Nd:YAG laser resulted in the great est growth 
reduction to undetectable levels for all 3 bacte rial species. 
However, the laser as individual treatment was unable to 
reduce counts for any of  the tested bacteria. A  previous 
study confirmed the bactericidal and synergistic effect 
of  the Nd:YAG laser when combined with CHX, H2O2 or 
NaOCl in reducing periodontal pathogens, specifically 
Porphyromonas gingivalis (P. gingivalis) and Fusobacterium 
nucleatum (F. nucleatum).28 In both investigations, the laser 
parameters were selected to reflect the clinical settings used 
for periodontitis treatment, so that the protocols could be 
clinically translated and implemented as part of a supportive 
periodontal therapy (SPT) in patients with attachment loss, 
identified as being at high risk of caries.

Chlorhexidine is an  effective antimicrobial agent ca
pable of  reducing a bacterial load by 97% when used as 
a preoperative rinse. However, it is not indicated for con
tinued longterm use due to its side effects, such as al
tered taste and the staining of the teeth.29,30 In the present 
study, CHX effectively reduced the S.  mutans count to 
undetectable levels as a monotherapy, and also worked in 
combination with the Nd:YAG laser.

Hydrogen peroxide has been used as a  mouth rinse 
for plaque control and the treatment of  oral infections. 
A recent review reported that H2O2 had no side effects, 
but was not superior to CHX in antiplaque efficacy, and 
in reducing gingival inflammation and the oral bacteria 
count.18 The concentration of H2O2 used in most studies 
is 1.5%, which is lower as compared to the present study. 
However, higher concentrations, such as 3%, did not cause 
mucosal irritation in an animal model at a maximum con
tact time of 7 min, and it is the concentration that is most 
commonly available over the counter.19 Further examina
tion of the hydroxyl radicals generated during the photo
lysis of H2O2 showed that they were a powerful oxidizing 
agent capable of inducing oxidative damage to oral bacteria.19 
The results of the present study align with these findings, 
as the Nd:YAG laser combined with H2O2 had an increased 
bactericidal effect on S.  mutans as compared to either 
treatment alone.

While we do not fully understand the mechanisms 
underlying the synergistic effect found when combining 
laser treatment with NaOCl, there is evidence that thermal 
energy can potentiate the effect of  NaOCl. Indeed, the 
intracanal heating of  NaOCl in endodontic therapy has 
been shown to increase bacterial reduction as compared 
to the ultrasonic and nonheated agitation techniques.31 
Therefore, we speculate that the thermal effects from the 
Nd:YAG laser contributed to the enhanced bactericidal 
effect of NaOCl.

Sodium fluoride did not cause bacterial reduction 
when used alone or in combination with the Nd:YAG 
laser, which is in agreement with the studies reporting 
that various concentrations of fluorides did not signifi
cantly decrease the growth of P. gingivalis or S. mutans 
on titanium disks,22 and even found a slight increase in 
bacterial growth with a 1% gel concentration.23 Sodium 
fluoride, when applied to a  tooth surface, reduces the 
demineralization and promotes the remineralization 
of  enamel. Fluoridetreated teeth exhibit higher pH 
values, as fluoride inhibits the production of  bacterial 
acids, which proves its antimicrobial rather than direct 
bactericidal effect.26 The observations of  the present 
study align with these reports, as we did not find any 
bacteriareducing effect with NaF alone or when used 
alongside the Nd:YAG laser.

The prevention of root caries is important for periodon
tists, as 2/3 of periodontally treated patients may develop 
root caries during the first 4 years of  periodontal main
tenance. Furthermore, the incidence of new root caries per
sists longitudinally at 4, 8, 12, and 14 years of periodontal 
maintenance.32–36 Moreover, a  crosssectional study re
ported a  high prevalence of  root caries and high caries 
risk rates in 20% of  patients referred for periodontal 
treatment.37 The current study showed that using 
an Nd:YAG laser with low concentrations of NaOCl may 
constitute an effective method that is easy to implement 
during SPT when treating patients at high risk of caries. 
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The application of the Nd:YAG laser with the settings used 
herein is already established for periodontitis treatment, 
and similar findings as in this study have been reported 
for the reduction of bacteria associated with periodontitis 
when the Nd:YAG laser was used in conjunction with 
chemical agents (H2O2 and NaOCl).28,38–41 Such chemical 
agents could be applied along the gingival margin, over 
the exposed root surfaces before using the laser in the 
maintenance therapy.

Limitations 

Limitations to the present study include its in vitro 
nature. Thus, determining the clinical significance of the 
observed effects of the Nd:YAG laser and chemical irrigants 
in the periodontal therapy remains unclear. Furthermore, 
evaluating only 3 bacterial species and the small sample 
size means the findings cannot be clinically extrapolated.

Conclusions
Treatment with an  Nd:YAG laser and low concentra

tions of chemical antimicrobial agents provided synergis
tic effects, reducing the viability of bacterial species asso
ciated with root caries. In comparison with the chemical 
antimicrobial agents or the  Nd:YAG laser used alone, 
the greatest reduction in bacterial viability was achieved 
when using the Nd:YAG laser with 0.5% NaOCl.
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Abstract
Background. Nanoparticles (NPs) have gained significant attention in various fields due to their unique 
properties and potential applications. Polymethyl methacrylate (PMMA) is an  acrylic resin widely used 
in dentistry and medicine. However, the effect of different types of NP fillers on the physical properties 
of PMMA-based resins has not been thoroughly explored in the literature.

Objectives. The present study aimed to evaluate the effects of 3 different types of NP fillers on the physical 
properties of an experimental PMMA-based resin as a function of the NP content and concentration. 

Material and methods. Ten groups (n = 10) were designed. The specimens were composed of an acrylic 
resin, silicon dioxide (SiO2), cerium dioxide (CeO2), and titanium dioxide (TiO2) at the following ratios 
(wt%): group 1 (G1) – control; group 2 (G2) – 0.5% SiO2; group 3 (G3) – 1% SiO2; group 4 (G4) – 3% 
SiO2; group 5 (G5) – 0.5% CeO2; group 6 (G6) – 1% CeO2; group 7 (G7) – 3% CeO2; group 8 (G8) – 0.5% 
TiO2; group 9 (G9) – 1% TiO2; and group 10 (G10) – 3% TiO2. Transmission electron microscopy (TEM) 
was used to assess the quality of NP dispersion. Thermal stability was assessed with thermogravimetric 
analysis (TGA) and differential scanning calorimetry (DSC). The effects of the abovementioned NPs on the 
properties of the resin were evaluated using the Archimedes principle for density, the Vickers hardness (VH) 
test and the impact strength (IS) test. Data analysis employed the one- and two-way analysis of variance 
(ANOVA), followed by Duncan’s post hoc test at a significance level of 0.05.

Results. Transmission electron microscopy showed partial NP dispersion. All types of NPs enhanced the 
mechanical properties of  the acrylic resin except for IS, which was similar to that of  the control group. 
Among the types of NPs, irrespective of the weight percentage, CeO2 showed higher thermal stability and 
higher IS for 0.5 wt% and 1 wt% as compared to other groups, as well as the highest values of density 
at 0.5 wt%, 1 wt% and 3 wt%. Titanium oxide at 1 wt% presented a higher VH as compared to other 
groups. The fracture pattern was the same for all groups. 

Conclusions. Incorporating the tested NPs into the acrylic resin resulted in enhanced physical properties, 
primarily attributed to a lower NP content.

Keywords: nanoparticles, silicon dioxide, cerium dioxide, titanium dioxide, polymethyl methacrylate
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Introduction
Acrylic resins have been used in dentistry and medicine 

since 1936, and have remained the primary material for 
manufacturing dental and craniofacial prostheses.1 The 
material is typically fabricated with the use of polymethyl 
methacrylate (PMMA). The polymer has beneficial bio-
logical properties, as it is tasteless, insoluble and compat-
ible with oral tissues. The favorable physical character-
istics of PMMA include dimensional stability, resilience, 
resistance to compression, the ease of handling, and a low 
cost.2 However, PMMA is not an ideal material in terms 
of mechanical properties required for long-term clinical use, 
such as flexural strength, hardness, density, and thermal 
stability.3,4

To improve the physical properties of different dental 
biomaterials, composites have been reinforced with in-
organic nanofillers.5–7 Studies have shown that decreas-
ing the size of the reinforcement particles to a nanoscale 
can completely alter the way they interact with the ma-
trix, either due to the increased surface area or the pos-
sible interactions with the matrix in the molecular sphere, 
changing the chemical characteristcs of the matrix.8

Silicate-based minerals, such as silica (silicon dioxide 
(SiO2), approx. 40 nm), have been used as inorganic fill-
ers in methacrylate-based resins, and are associated with 
good mechanical and polishing properties. Numerous 
studies have demonstrated the correlation between the 
quantity of silica and the modulus of elasticity, wear resis-
tance and polymerization shrinkage.9–11

A previous study incorporated 3 different metal oxides 
in different proportions into PMMA, namely titania 
(titanium dioxide (TiO2)), zirconium dioxide (ZrO2) and 
aluminum oxide (Al2O3), and concluded that all experi-
mental groups showed better resistance to impact, sorp-
tion and solubility as compared to the control group.3 
Cerium-based metallic material, such as ceria (cerium 
dioxide (CeO2)), is transparent to visible light, can act 
as a catalyst, and has been linked to better compression 
resistance properties and thermal expansion values of ce-
ramics.12 Ceria has demonstrated antibacterial properties 
against Pseudomonas aeruginosa after being treated with 
polyacrylic acid.13 However, there are no reports on the 
use of the material in the reinforcement of acrylic resins.

Titanium dioxide nanoparticles (NPs) are chemically 
inert, resistant to corrosion, non-toxic, and inexpensive. 
They have a high refractive index and antibacterial pro-
perties under a variety of  spectra.14 For these and other 
characteristics, TiO2 NPs are incorporated into polymeric 
materials, such as PMMA.15 In comparison with its larger 
particle version, TiO2 NPs primarily offer heat stability, 
clearly define the color of  the polymer and provide im-
proved reinforcing properties. As such, the particles do 
not lose their features during the polymerization process 
at high temperatures, contributing to the control of poly-
merization shrinkage.3 The existing studies indicate that 

incorporating surface-treated TiO2 into a PMMA matrix 
leads to a reduced shrinkage stress of the polymeric ma-
trix, which is due to the formation of agglomerates that 
serve as concentration points for these stresses.16 Accord-
ing to a study by Acosta-Torres et al., with regard to the 
physical properties of  conventional and nanopigmented 
PMMA, the matrices containing TiO2 show less poro-
sity.17 However, certain studies have highlighted the ad-
verse effects associated with incorporating TiO2 and SiO2 
into polymeric materials.18,19

In light of  the current literature,1–19 there is a notable 
research gap regarding the effects of 3 distinctive NPs – SiO2, 
CeO2 and TiO2 – as potential fillers for experimental 
PMMA-based resins. While the use of NPs as additives has 
been explored in various materials, their interactions with 
PMMA-based resins remain surprisingly underrepresent-
ed in the current research. Therefore, the present study 
aimed to bridge this gap by conducting a comprehensive 
analysis of the influence of these NPs on the mechanical 
properties of a resin across a spectrum of concentrations. 
Our study encompassed a thorough examination of density, 
Vickers hardness (VH) and impact strength (IS) to assess 
the mechanical behavior of  the resin. Furthermore, 
the study evaluated the thermal stability of  the NP-
integrated resin via thermogravimetric analysis (TGA) 
and differential scanning calorimetry (DSC).

The purpose of  the present study was to investigate 
the influence of  different content and concentration 
of SiO2, CeO2 and TiO2 on the physicochemical proper-
ties of an PMMA-based resin. The present hypothesis is 
that the incorporation of NPs does not alter the proper-
ties of PMMA.

Material and methods 
To investigate the effects of different NPs on the pro-

perties of a PMMA-based resin, 100 samples (N = 100) 
were prepared and divided into 10 distinct groups 
(n = 10 per group). A commercially available acrylic resin 
(Acron™ MC; GC America Inc., Alsip, USA) composed 
of  powder and liquid was used. Three types of  NPs, 
ranging in size from 15 nm to 50 nm, were added to the 
powder before the polymerization procedure by using 
a Hauschild SpeedMixer® DAC 150.1 (Hauschild & Co., 
Hamm, Germany) at 50/60 Hz and 3,500 rpm. The NPs 
comprised SiO2 (15 nm), CeO2 (25 nm) and TiO2 (50 nm) 
in standardized sizes, as provided by the manufacturer 
(SkySpring Nanomaterials Inc., Houston, USA). The 
specimens in each group were composed of  an  acrylic 
resin, SiO2, CeO2, and TiO2 at the following ratios (wt%): 
group 1 (G1) – control; group 2 (G2) – 0.5% SiO2; group 3 
(G3) – 1% SiO2; group 4 (G4) – 3% SiO2; group 5 (G5) 
– 0.5% CeO2; group 6 (G6) – 1% CeO2; group 7 (G7) 
–  3%  CeO2; group  8 (G8) – 0.5% TiO2; group  9 (G9) 
– 1% TiO2; and group 10 (G10) – 3% TiO2.
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The preliminary test using transmission electron 
microscopy (TEM) suggested that the NPs had better dis-
persion when added to the powder instead of the liquid. 
After microwave polymerization, the samples were cut 
with a vitreous fragment at 45°, and then an ultramicro-
tome (EM UC6; Leica Microsystems, Wetzlar, Germany) 
was used to obtain ultrathin (80-nanometer) sections. The 
slices were placed in a fine mesh (grid storage box; Agar 
Scientific Ltd., Stansted, UK) and observed under a TEM 
at 300 Kv (Tecnai G2 F30; FEI Company, Hillsboro, USA) 
to identify the NP content. The NPs were incorporated 
into the powder, and the flask was closed and placed in-
side the mixer at 2,000 rpm for 3 min, then rested on the 
bench for another 3 min. The liquid was added to the mix-
ture and stirred at 500 rpm for 1 min to prevent the pre-
mature packing of the resin, which may occur due to the 
agitation and shear forces generated during this step. The 
liquid needs to be thoroughly and evenly dispersed within 
the powder to achieve a consistent resin.

The size of  the samples depended on the specific 
characteristics of  the respective tests. For instance, 
disk-shaped samples measuring 5 mm × 4 mm were em-
ployed in the VH test, while samples measuring 65 mm 
× 10 mm × 2 mm were utilized for the Charpy IS test. 
Similarly, the sample mass for TGA was standardized at 
20 ±2 mg. By adjusting the sample sizes according to the 
unique demands of each test, we aimed to obtain reliable 
and comprehensive data that would accurately reflect 
the properties under investigation. However, the inclu-
sion and polymerization processes were standardized 
for all samples.

Metal molds were used for the TEM and Charpy IS 
test samples, and composite resin molds were used for 
all other tested samples. The molds were invested indi-
vidually with laboratory silicone (Titanium Zetalabor; 
Zhermack, Badia Polesine, Italy) and covered with type 
III dental stone (Scola-cast powder; Scola, Cheshire, 
UK) in a  ceramic muffle oven (GC Europe, Leuven, 
Belgium). The experimental acrylic resin was prepared 
as previously described and immediately packed into the 
silicone index at its dough stage. The flasks were slowly 
and gradually pressed in a  hydraulic press until estab-
lishing 1.25  kg, and then polymerized in a  micro wave 
oven (Daewoo KQG-6L6B, 800  W maximum power; 
Daewoo Electronics, Wokingham, UK) for 10 min: phase 1 
– 3  min at 40% power; phase 2 – 4  min at 0%  power; 
and phase 3 – 3  min at 90% power. Then, the flasks 
were placed on the bench until completely cooled. 
The samples were deflasked and their surfaces were 
smoothed with an electric minigrinder (Dremel® 3000; 
Robert Bosch Tool Corporation, Mount Prospect, USA) 
at 5,000–33,000 rpm. For the VH test, one side of  the 
sample was polished with 600–1,200 grit silicon carbide 
sandpaper (Jiangsu Jianda Grinding Technology Co. Ltd., 
Wuxi, China). The samples were stored dry at 24 ±1°C 
for 24 ±2 h before the tests.

A sample from each group was submitted for TGA. 
Thermal stability was determined by means of the ther-
mogravimetric trace record (STARe software; Mettler-
Toledo, Greinfensee, Switzerland) in an  atmosphere 
of nitrogen (N), using small sample fragments. A heat-
ing rate of 10°C/min, with a temperature ranging from 
35°C to 600°C, and a sample portion weighing 20 ±2 mg 
were used for this test. The balance arm was held in 
a horizontal reference position and changes in the sam-
ple mass caused the beam to bend, which was detected 
by the photoelectric cells. The TGA curve was obtained 
by recording variations in temperature and the sample 
mass continuously. Differential scanning calorimetry 
was conducted simultaneously with the TGA test, and 
was used to better understand the thermal behavior and 
homogeneity of  the experimental resin samples. The 
same fragment from each group (20 ±2  mg) was ana-
lyzed to compare the glass transition temperature (Tg) 
of  the polymer (control) and of  the NP-modified poly-
mer.

One hundred disk-shaped samples, divided into 
10 groups (n = 10 per group), measuring 5 mm × 4 mm 
and with the top surfaces polished, were evaluated for VH 
in a  microhardness tester (FM-700; Future-Tech Corp., 
Kawasaki, Japan). A  100-gram load was applied to the 
polished surface of the sample at the speed of 0.05 mm/s 
for 10 s, and the values were recorded in Vickers pyramid 
numbers (HV). Three indentations were made in each 
sample. Then, the Archimedes principle was applied to 
investigate density changes, with the mass (m) measured 
on an analytical precision scale and the volume (V) deter-
mined by the principle. The density of the sample (ρ) was 
calculated using the following formula (Equation 1):

 (1)

where:
ρ – density [g/cm3];
m – mass [g]; and
V – volume [cm3].

One hundred samples, divided into 10 groups (n = 10 
per group), measuring 65 mm × 10 mm × 2 mm were sub-
jected to the IS test in the Charpy system (Otto Wolpert-
Werke, Ludwigshafen am Rhein, Germany) with an  im-
pact load of 40 kpcm. The impact load recorderd at the 
moment of specimen failure was changed to the IS value 
[kgf/cm2] using the following formula (Equation 2):

 (2)

where:
IS – impact strength [kgf/cm2];
I – impact load (kpcm);
L – sample length in the impact region [cm]; and
H – sample height in the impact region [cm].



L. Machado-Santos et al. Acrylic resin modified by nanoparticles660

A fractographic analysis was conducted for the 2 sam-
ple fragments obtained in the IS test, and a macroscopic 
analysis was done by the visual inspection of  the frac-
tured surfaces, using a claw-mounted magnifier (Western 
9051L; Western Ophthalmics Corp., São Paulo, Brazil) at 
×4 magnification. The fragments of each specimen were 
called fragment A  (FA) and fragment B (FB). During 
visual inspection, when FA and FB could be repositioned 
at the fracture line, presenting a smooth surface, the frac-
tures were classified as brittle. Those presenting plastic 
deformation, or exhibiting rough and jagged surfaces 
were recorded as intermediate (ductile-to-brittle transi-
tion) fractures. The fractographic examination verified 
that all samples could have FA and FB perfectly placed 
together, and not even the fracture line could be seen at 
×4 magnification; therefore, all samples were classified as 
brittle. The control and the 1 wt% experimental samples 
were covered with a  fine layer of  gold, using a  sputter 
coater (Emitech K550X; Quorum Technologies Ltd., 
Ashford, UK) and observed under a  scanning electron 
microscope (SEM) (EVO MA10; Carl Zeiss, Oberkochen, 
Germany) to analyze and compare the fracture morphology 
and microstructure.

Statistical analysis

Data analysis employed the one- and two-way analysis 
of variance (ANOVA), followed by Duncan’s post hoc test 
at a significance level of 0.05.

Results
Transmission electron microscopy showed enhanced 

dispersion when NPs were incorporated into the powder 
component of the acrylic resin. However, the incorporation 

method did not completely prevent the formation 
of agglomerates (Fig. 1). Furthermore, a strong bond be-
tween the NPs and the matrix was evident in cases of ef-
fective dispersion, while regions with more pronounced 
agglomeration displayed voids (Fig. 1).

Table  1 presents the TGA and DSC values from the 
respective thermographs. The curve profiles in both 
ana lyses exhibited pattern similarity, displaying only 
slight temperature shifts. The control group displayed 
a relatively higher mass loss following the initial event, 
and preliminary observations suggested that 1% TiO2 ex-
hibited a relatively higher initial degradation temperature (Ti). 
Moreover, all ceria groups presented higher Ti values 
than the control group. The final residue percentage 
increased proportionally to the amount of incorporated 
NPs in each group, except for the control group. In 
the 2nd significant mass loss event, the control group 

Fig. 1. Transmission electron microscopy (TEM) micrographs showing the 
dispersion of the nanoparticles (NPs) (3 wt%) within the polymeric matrix (A–C) 
and the TEM observations of the NP (3 wt%)–matrix bonded interface (D–F)

A – silicon dioxide (SiO2); B – cerium dioxide (CeO2); C – titanium dioxide (TiO2); 
D – SiO2; E – CeO2; F – TiO2.

Table 1. Resin decomposition temperatures, mass loss (ML), residue, and glass transition temperature (Tg)

Groups

Thermal degradation event
Residue  
at 600°C 

[%]

Tg  
[°C]

1st 2nd

Ti  
[°C]

Tmidpoint  
[°C]

ML  
[%]

Ti  
[°C]

Tmidpoint  
[°C]

ML  
[%]

G1 194.46 288.94 13.48 332.63 373.78 84.17 2.36 102.50

G2 195.73 286.40 12.36 328.29 370.95 85.56 2.08 112.50

G3 187.44 286.84 11.01 327.07 372.90 86.52 2.46 105.20

G4 174.37 291.62 11.02 329.49 370.65 84.82 4.15 108.25

G5 198.08 289.51 11.00 329.40 375.20 86.74 2.25 112.50

G6 212.73 297.34 10.10 332.35 375.37 87.03 2.87 107.00

G7 203.09 296.61 8.95 330.12 374.20 86.63 4.42 106.50

G8 198.71 289.95 11.78 328.27 372.66 85.80 2.42 110.50

G9 218.43 296.14 8.97 328.43 372.45 88.03 2.99 109.50

G10 177.47 289.74 13.37 328.61 371.52 82.07 4.56 104.50

Groups: G1 – control; G2 – 0.5% SiO2; G3 – 1% SiO2; G4 – 3% SiO2; G5 – 0.5% CeO2; G6 – 1% CeO2; G7 – 3% CeO2; G8 – 0.5% TiO2; G9 – 1% TiO2; and G10 – 3% TiO2. 
Ti – initial degradation temperature; Tmidpoint – midpoint temperature (the point at which the thermal degradation reaction is approx. halfway complete).
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displayed slightly higher temperatures, aligning with those 
observed in the ceria groups, which recorded relatively 
higher values as compared to the control.

The mean and standard deviation (M ±SD) values for 
VH, ρ and Charpy IS for all groups, including the control 
group, are reported in Fig. 2–4. The experimental results 

demonstrated significant variations in the mechanical 
properties among the different groups. Notably, the dis-
cernible differences in VH, ρ and IS could be attributed to 
variations in group composition. The one-way ANOVA 
revealed a  statistically significant p-value (p  <  0.05), in-
dicating the substantial influence of the NP content and 
concentration on the aforementioned mechanical proper-
ties, underscoring the importance of group composition 
in shaping the material characteristics.

The VH mean values for the control and 1% SiO2 
groups were significantly lower as compared to the 
3% SiO2, 3% CeO2, 0.5% TiO2, and 1% TiO2 groups (Fig. 2). 
Regarding density, the results show that the 3% CeO2 
group exhibited relatively higher scores, while the control 
group showed relatively lower values. The 0.5% SiO2 and 
0.5% TiO2 groups had significantly lower means than the 
3% TiO2 group, though the results for the 3% SiO2 and 
1% TiO2 groups did not differ statistically (Fig. 3). For IS, 
the mean values in the 3% TiO2 group were significantly 
lower than those in the control, 0.5% CeO2, 1% CeO2, and 
0.5% TiO2 groups. The 3% CeO2 group scores were lower 
than those in the 0.5% SiO2, 1% SiO2, 3% SiO2, 1% CeO2, 
0.5% TiO2, and 1% TiO2 groups, and significantly lower 
than those in the control, 0.5% CeO2 and 1% CeO2 groups 
(Fig. 4).

A comprehensive multiple two-way ANOVA yielded 
significant outcomes, further confirming the substantial 
impact of the NP weight percentage and type on the ob-
served results. The specific details and outcomes of this 
analysis are succinctly presented in Table 2. With regard 
to VH, only the 1% TiO2 group showed higher values. 
There were no significant differences among the NPs 
for the tested weight percentages within the range of 
0.5 wt% and 3 wt%. Regarding the NP type, TiO2 showed 
no differences when various weight percentages were 
used. For density, CeO2 showed higher values; for all 
NP types, the density values increased along with the 
weight percentage. Moreover, CeO2 displayed higher IS 
than SiO2 and TiO2, which behaved similarly across all 
weight percentages. For SiO2, the lowest IS value was 
obtained for 0.5 wt%, and all types of NPs showed lower 
values when 3 wt% was incorporated, with no difference 
between 0.5 wt% and 1 wt%.

The fractographic examination verified that all samples 
could have FA and FB perfectly placed together, and not 
even the fracture line could be seen at ×4 magnification. 
Therefore, the fracture patterns were similar (Fig. 5).

Fig. 2. Mean (M) and standard deviation (SD) values for Vickers hardness (VH)

The SD values were used to calculate 95% confidence intervals (CIs). 
Different letters in the graph show statistical differences between the 
groups (p < 0.05; one-way ANOVA followed by Duncan’s post hoc test).

Fig. 4. Mean (M) and standard deviation (SD) values for impact strength (IS)

The SD values were used to calculate 95% CIs. Different letters in the graph 
show statistical differences between the groups (p < 0.05; one-way ANOVA 
followed by Duncan’s post hoc test).

Fig. 3. Mean (M) and standard deviation (SD) values for density (ρ)

The SD values were used to calculate 95% CIs. Different letters in the graph 
show statistical differences between the groups (p < 0.05; one-way ANOVA 
followed by Duncan’s post hoc test).

Table 2. Multiple comparison analysis of the nanoparticle (NP) weight percentage (wt%) and type

Mechanical 
property

NP wt% NP type

0.5% 1% 3% SiO2 CeO2 TiO2

VH Si = Ce = Ti (Si = Ce) < Ti Si = Ce = Ti 0.5% = 3% > 1% 0.5% = 1% = 3% 0.5% = 1% = 3%

ρ Si = Ce = Ti Si < Ce = Ti Si < Ti < Ce 0.5% < (1% = 3%) 0.5% < 1% < 3% 0.5% < 1% < 3%

IS (Si = Ti) < Ce Si = Ce = Ti Si = Ce = Ti 0.5% = 1% = 3% (0.5% = 1%) > 3% (0.5% = 1%) > 3%

VH – Vickers hardness; ρ – density; IS – impact strength; Si – silica; Ce – ceria; Ti – titania.
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Discussion
The hypothesis for this study was rejected, since the in-

corporation of  NPs into the acrylic resin altered all the 
tested properties. The concept of  adding reinforcement 
materials to enhance the mechanical properties of a den-
tal polymer is not novel.20 Nanoscale fillers have a signifi-
cantly greater surface area per mass unit than their larger 
versions, which can entirely change the way they interact 
with the polymer matrix. The filler particles used in this 
study were smaller (15–50 nm) than the resin powder 
particles (121.2 μm); thus, it was expected that they would 
fill the interstices between the particles of  the polymer, 
forming a homogeneous mixture without forcing the dis-
placement of the polymer chain segments.3,21

The percentage of  particles was kept low so that all 
of  them could be involved in the matrix. Increasing the 
percentage to 3% was expected to improve mechanical 
properties, as, theoretically, there would be less space be-
tween the oxide NPs. However, it has often proved diffi-
cult to achieve a stable dispersion of NPs in polymer ma-
trices, as NPs tend to agglomerate.3,11,22 The agglomerates 
can form stress concentration sites within the polymer 
matrix, leading to premature failure with the application 

of  load. Synthesizing the nanocomposite and separating 
the aggregated NPs were the main challenges of this study.

To disperse the NPs in the hydrophobic polymer ma-
trix, the modification of  the NP surfaces was required; 
it involved silanization and dual asymmetric centrifugal 
mixing processing.23 Transmission electron microscopy 
was employed to characterize the uniformity, or lack 
thereof, of  the NP dispersion in the resin matrix. In-
organic nanofillers were uniformly dispersed, more or less, 
when incorporated into the powder rather than the liquid. 
However, agglomeration could not be avoided, and the 
uniform dispersion throughout the polymer matrix was 
questionable (Fig. 1). Nonetheless, this could be explained 
by the suspected imbalance between depletion effects and 
osmotic pressures in PMMA, adversely impacting the 
fracture behavior.

Thermogravimetric analysis is a thermal analysis tech-
nique in which the mass variation of the sample (loss or 
gain) is determined as a function of temperature and/or 
time while the sample is subjected to a  controlled tem-
perature program.24 Such changes are evidenced by a de-
crease or increase in mass registered by the sensor. Our 
TGA analysis presented 2 distinct events. The 1st event, 
at 175–330°C, could be related to the decomposition 
of second ary groups, such as the free CH3 groups attached 
to the main polymer chain, generating volatiles. The 2nd 

and main mass loss event, at 328–455°C, can be attrib-
uted to the degradation of  the main PMMA chain. As 
can be seen in Table 1, increases in the NP concentration 
and the NP content did not affect the initial degradation 
temperature (Ti). The glass transition temperature is the 
temperature at which the movement of the polymer chain 
segments starts, and at which the material changes from 
a ‘glassy’ state (frozen) to a ‘rubber’ state (more flexible), 
which can be observed in the DSC curve. Since PMMA is 
an amorphous polymer, it showed a Tg of approx. 105°C, 
as expected, which could be observed in the endo thermic 
curve obtained in the heating run. Furthermore, we 
showed that the NPs may have interfered with the flowing 
process, which allows molecular chains to slide past each 
other, decreasing stiffness, and hence increased Tg.25 The 
incorporation of NPs showed satisfactory thermal stabi-
lity for use in dental PMMA, since all types, depending 
on the weight percentage, exhibited degradation at a tem-
perature comparable to that for the control group and a Tg 
higher than in the control group.

The current study found that the incorporation of NPs 
increased microhardness, irrespective of the weight per-
centage, except for 1% SiO2. The different densities of the 
NPs interfere directly with the light weight of the acrylic 
resin, which can be desirable. In this study, the incorpo-
ration of  NPs, regardless of  their type and weight per-
centage, significantly increased the density of  the resin. 
A low density can be partly associated with the formation 
of pores or microgaps, resulting from processing, a pro-
blem that affects acrylic resins for prostheses in general. 

Fig. 5. Scanning electron microscopy (SEM) images of fracture topography 
with the incorporation of the nanoparticles (NPs) (1 wt%)

A – control (×60); B – SiO2 (×60); C – CeO2 (×60); D – TiO2 (×60); 
E – control (×270); F – SiO2 (×270); G – CeO2 (×270); H – TiO2 (×270).
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Such high-porosity-level sites facilitate fluid transport 
into and out of the polymer, serving as places for the se-
questration of molecules.26

The NPs used in this study are insoluble in water and 
were meant to reduce the overall volume of  the suscep-
tible polymer matrix. Therefore, the higher density could 
be explained by a  ‘packing’ effect, and not necessarily 
a lower porosity. In practice, impact fracture damage oc-
curs when the patient accidentally drops the prosthesis. 
Studies have provided different proposals to minimize the 
susceptibility of the material to this flaw, such as increas-
ing the thickness of the prosthesis in regions of increased 
susceptibility and modifying the matrix to improve the 
mechanical properties by adding polyfunctional agent 
crosslinks,27 and the incorporation of  a  rubber phase,28 
fibers29 and metal oxides.3 Impact strength can be defined 
as the energy required to fracture a material under the im-
pact force. In this study, IS was not affected by the NPs 
as much as the other properties. Most groups presented 
lower IS values than the control, which could be related to 
an increase in density, thus reducing stiffness.

Regarding IS, the groups that received SiO2 showed 
very similar mechanical behavior, which might have 
been caused by the clustering of the NPs heterogeneous-
ly inside the PMMA matrix, resulting in weaker spots 
to propagate fractures. In this case, the incorporation 
of NPs into the polymer with a mixer seems to be insuf-
ficient to ensure a fully uniform dispersion of NPs. Fur-
ther studies evaluating different methods should be de-
veloped to incorporate NPs into PMMA for dental and 
medical applications.

No cracks or missing material were observed under 
macroscopic evaluation. The A  and B fragments of  all 
samples could be placed together perfectly, suggesting 
that the NPs limited the crack propagation and kept the 
samples from breaking into several pieces. Some macro-
phase separations could be observed in the silica and 
titania groups under SEM, while the ceria morphology 
was similar to that of the control group. The SEM images 
showed a honeycomb-like configuration for silica due to 
intense porosity, and compact and wave-like surfaces 
for the control or in the presence of  ceria. The titania 
groups had both of these characteristics. Nanoparticles 
play a relevant role in polymerization configuration, and 
thus, in the fracture propagation patterns. A  previous 
study used SEM to observe agglomeration in PMMA 
specimens containing 0.91% silica, and stated that the 
particles appeared to be embedded in and semi-bonded 
to the PMMA matrix, indicating a relatively strong NP–
matrix interaction.30 The present study corroborates this 
interaction pattern, though it was more visible in the 
ceria groups.

Balos et al. added nanosilica to the liquid component 
of a commercial PMMA-based resin, and found that it in-
creased the microhardness and fracture toughness values 
for the lowest content.30 Cerium oxide has been used in 

dental materials to stabilize the polycrystalline tetragonal 
structure of  zirconia.31 To our knowledge, there are no 
reports of its use for acrylic resin reinforcement. Interest-
ingly, in this study, CeO2 NPs showed better overall be-
havior. In comparison with other groups containing NPs, 
the CeO2 groups had a  significantly higher degradation 
temperature, a higher mean IS, and similar VH and density 
values. Titanium oxide NPs are chemically inert, have 
a high refractive index and antibacterial properties under 
a variety of spectra, and are corrosion-resistant, non-toxic 
and inexpensive.14 These NPs have been previously incorpo-
rated into polymeric materials, such as PMMA,15 and 
were reported to provide better reinforcing properties 
than their micrometric version.16 The impact of CeO2 and 
TiO2 on the resin color was readily apparent, potentially 
offering valuable insights. However, this effect should be 
given significant consideration in the evaluation and ap-
plication of these NPs, warranting further in-depth inves-
tigation.

Limitations 

Some limitations of  the current study are acknow-
ledged. Firstly, the dispersion method should be refined, 
perhaps with the use of  ultrasonication. Also, surface 
roughness analysis could be very useful for corroborating 
the hypothesis of  increased wear resistance in two- and 
three-body wear, as well as when considering biofilm 
formation and biological aspects.32–34

Conclusions
Incorporating all 3 types of NPs into the PMMA matrix 

significantly enhanced thermal stability, surface hardness 
and density. Moreover, the impact resistance in the tested 
NP groups remained comparable to that of  the control 
group, indicating that modifying the microwave-cured 
acrylic resin with specific amounts of  NPs, particularly 
CeO2, could serve as a viable solution to address the physico-
chemical limitations of  the material and to prevent un-
wanted clinical failure.

Ethics approval and consent to participate 

Not applicable.

Data availability 

The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding author on 
reasonable request.

Consent for publication 

Not applicable.
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Abstract
Background. Approximately half of the adult population in Europe have used some form of dental pros-
thesis. Much effort has been put into developing denture cleaning methods and the most recommended 
are brushing the prosthesis after meals and cleaning it with special liquids (sometimes prepared just before 
the procedure). However, these simple techniques are often omitted or insufficient due to, i.e., age-related 
mental or motor disabilities.

Objectives. The aim of the study was to compare a range of techniques that can be performed at home 
and do not require patient dexterity in order to find the most efficient method of  reducing the viability 
of the C. albicans biofilm and removing it from acrylic surfaces. 

Material and methods. The 20 mm × 25 mm × 1 mm unpolished acrylic plates were inoculated with 
C. albicans and incubated for 72 h. Plates with formed biofilms were divided into 6 equal groups: a control 
group and 5 groups for different cleaning procedures: a dental cleaner with liquid, a dental cleaner with 
phosphate-buffered saline (PBS), air drying, antiseptic liquid, and an ultrasonic cleaner. Biofilm viability 
was assessed by plating serial dilutions and counting the colonies of C. albicans on the Sabouraud dextrose 
agar (SDA) medium.

Results. The study found that both MultiClean fluid and Sonic-3 ultrasonic cleaner were effective against 
Candida cells. MultiClean fluid showed the strongest biocidal properties, both when used with the Sonic 
Denture Cleaner and independently.

Conclusions. Cleaning acrylic surfaces with a dental cleaner followed by antiseptic liquid is more effective 
than using these methods separately.

Keywords: Candida albicans, polymethyl methacrylate, denture cleaners
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Introduction
Approximately half of the adult population in Europe 

have used some form of  dental prosthesis. Removable 
dental prostheses are used by 13–29% of adults. Among 
them, 3–13% of edentulous subjects wear complete den-
tures in both jaws.1 In Poland, more than 66% of people 
aged >60 years wear dental prostheses, and the use of 
dentures increases with age.2 Due to the material char-
acteristics of dentures3 and the favorable environmental 
conditions that they create for the growth of  microor-
ganisms, denture wearers often suffer from denture sto-
matitis. 

Denture stomatitis is an inflammatory process that oc-
curs due to the use of removable prosthetic restorations. 
Poor oral and denture hygiene is the cause of  polymi-
crobial biofilm formation on the surfaces of  prostheses. 
Streptococcus species and Staphylococcus aureus were the 
most common microorganisms isolated from the dental 
prosthesis. Prolonged usage of the prosthesis resulted in 
the growth of  other bacteria, including Escherichia coli, 
coryneform bacteria and Micrococcus.4 The dental pros-
thesis offers a  reservoir for microorganisms associated 
with bacterial endocarditis, aspiration pneumonia, gas-
trointestinal infections, and chronic obstructive pulmo-
nary disease. Gram-positive cocci such as Streptococcus 
mutans show synergistic interactions within biofilm for-
mations in inter-kingdom biofilms.5 These are often com-
plicated by fungal infection.6,7 The adhesion of Candida 
strains to the mucosa and dentures as well as the for-
mation of  biofilms are responsible for the development 
of Candida stomatitis.8,9

Candida albicans is the most common commensal 
of  the digestive and reproductive tract mucosa and, 
under some conditions, becomes the most common 
fungal pathogen. It is present in the oral microbiome 
of  30–75% of  the world population.6,10 The immune 
system activity modulates its colonization of numerous 
niches in the human body. When immune reactions 
are suppressed to some extent, for example, as a result 
of corticosteroids, diabetes or elimination of the natu-
ral human microbiota, these yeasts can cause local in-
fections of the mucous membranes and, in predisposed 
individuals, can lead to life-threatening invasive infec-
tions.11 One of the key mechanisms of the pathogenic-
ity of C. albicans is its ability to form biofilms on the 
surfaces of  host tissues and inanimate surfaces (cath-
eters, prostheses, etc.).12,13 These structures are diffi-
cult to clean and often act as reservoirs for infection. 
Therefore, proper hygiene of dental prostheses, includ-
ing effective removal of biofilms, is crucial to prevent 
denture stomatitis.

The biofilm of C. albicans is difficult to remove from 
acrylic resin surfaces. The most common physical 
method of  controlling plaque development is brushing 
with a denture brush, which can remove 90–96% of yeast 

cells from the acrylic surface.14,15 However, the effective-
ness of brushing depends on the skill of the person per-
forming the task,14 and can be reduced due to diseases 
and disorders common to older people. Alternative 
methods, including dedicated mechanical and chemi-
cal cleaners, may solve the problem of denture hygiene. 
Older people who develop dementia are at an increased 
risk of  developing oral health problems due to dimin-
ished self-care and motor skills. Daily removal of  den-
ture plaque is essential in maintaining good oral health, 
especially in older age.16

Denture stomatitis can be prevented by controlling the 
formation of  C.  albicans biofilms on the acrylic.8,9,17,18 
This approach is critical in preventing the overgrowth 
of  mycobiota and the development of  oral mucosal in-
fection. Significant effort has been put into developing 
effective cleaning methods. The most recommended is 
brushing with a denture brush after meals and cleaning 
with dedicated liquids (sometimes prepared just before 
the procedure). However, these simple measures are often 
neglected or insufficient due to age-related mental and 
motor disabilities.

A few independent studies on this topic have tested 
commercially available denture cleaning devices, but the 
results were contradictory. This study compared a range 
of methods that can be used at home and do not require 
patient dexterity, such as cleaning with sonification and 
denture liquid, to find the most efficient method of lim-
iting the viability of  C.  albicans biofilms and removing 
them from acrylic surfaces for patients with limited mo-
tor skills. The study employed an in vitro single-species 
biofilm model.

Material and methods

Preparation of acrylic plates 

A total of  180 acrylic plates made of  routine den-
ture material, Vertex Rapid Simplified (Vertex Dental, 
Soesterberg, The Netherlands), were prepared using the 
method described by Johnson  et  al.19 First, molds were 
made for the casting of stone acrylic tiles (type III). Stan-
dard flasks were used. 

While still warm, the stone was coated with sodium al-
ginate solution and left to dry. Following the manufactur-
er’s instructions, the acrylic resin was prepared by mixing 
2.3 g of acrylic powder with 1 mL of water. The liquid was 
measured and poured into a clean and dry mixing vessel. 
The powder was added slowly, ensuring that each particle 
was wetted by the monomer.

After the powder was mixed with liquid, the mixture 
was stirred and left to settle in a  closed container for 
15 min. After this time, the acrylic mass had the consis-
tency of  dough; it was placed in the mold and pressed 
firmly until the halves of the mold joined. The flask was 
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placed in a  spring clamp and tightened. Then, it was 
placed in a water curing bath at room temperature that 
was subsequently raised to 100°C. The boiling time was 
2 h. Afterwards, the flask was removed from the curing 
bath, and the clamps were released to open the flask and 
remove the plates. 

According to denture manufacturing procedures, it is 
recommended that denture surfaces in close proximity 
to mucosa are not polished. During the polishing treat-
ment, acrylic material is lost, which may result in a poorer 
fit of the finished denture. The unpolished acrylic plates 
used in this study imitated the real conditions.

Strain and inoculum preparation 

The effectiveness of the cleaning method was evalu-
ated by using a  C.  albicans biofilm model. We adapt-
ed the technique described by Krom and Willems.20 
The biofilm-forming strain, C.  albicans LIG.1.2. F.A. 
was isolated from the human oral cavity.21 A  loop 
of  overnight yeasts cultured on Sabouraud dex-
trose agar (SDA; BioMaxima S.A., Lublin, Poland), 
was used to prepare the standardized suspension 
(107  CFU/mL). Subsequently, the yeast suspension 
was diluted to 1:25 in Roswell Park Memorial Institute 
(RPMI) 1640 medium (cat. No. R6504; Sigma-Aldrich), 
supplemented with 18  g of  glucose and buffered 
with 3-(N-morpholino)propanesulfonic acid (MOPS; 
Fluorochem UK, Hadfield, UK) for further use.

Biofilm formation 

The 180 unpolished acrylic plates measuring 20 mm × 
25 mm × 1 mm were used in this experiment. Before use, 
all plates were sterilized with ethylene oxide. Next, they 
were placed in duplicate into Petri dishes (Φ 5 cm) and 
sunk in 10  mL of  the previously inoculated RPMI 1640 
medium. The incubation was carried out at 35 ±2°C for 
4 h to ensure that the cells could adhere. The medium was 
then changed, and further incubation was carried out at 
35 ±2°C for 72 h, with the medium changed daily.

Evaluation of antibiofilm properties 

Acrylic plates with a formed biofilm were divided into 
6 groups of 30 pieces each: one positive control group 
(1) and 5 groups for different cleaning procedures: 
(2) Sonic Denture Cleaner, consisting of  a  vibration-
generating part and a  removable denture container 
(referred to as DC or dental cleaner; Roko Dental 
Systems, Częstochowa, Poland), used simultaneously 
with MultiClean antiseptic fluid (30–40% of potassium 
peroxymonosulfate and <5% of  potassium persulfate, 
referred to as liquid and prepared according to the 
manufacturer’s instruction: adding 5  g of  MultiClean 
powder to 200  mL of  water, stirring and leaving for 

3  min before use; Rokodent); (3) dental cleaner with 
phosphate buffered saline (PBS); (4) air drying; (5) 
MultiClean antiseptic fluid; and (6) ultrasonic cleaner 
(Sonic-3; Polsonic Palczyński Sp.  J., Warsaw, Poland) 
corresponding to the test procedure. Cleaning the 
samples with an ultrasonic cleaner was used as a nega-
tive control because, according to the literature,15 no 
growth was expected when using this method. Similar 
to the positive control (no intervention), the negative 
control provides a benchmark for the results obtained 
with other experimental methods. 

All cleaning procedures were carried out by the same 
person on a single day to ensure maximum repeatability.

The plates were washed with PBS and air-dried for 
15 min. The following test procedures were then car-
ried out in the plate groups: (2) 2 cycles of 7 min in DC 
using 200 mL of antiseptic liquid; (3) 2 cycles of 7 min 
at 25°C using DC with PBS; (4) air drying for 24 h; (5) 
immersion in 200  mL of  MultiClean antiseptic fluid 
for 20 min at 25°C, following the manufacturer’s rec-
ommended procedure; (6) ultrasound cleaning in 2 L 
of distilled water for 7 min using a Sonic-3 ultrasonic 
cleaner at 25°C with a 40 kHz frequency/160 W. The 
positive control group (1) was processed for further 
actions.

After the cleaning procedures, the plates were washed 
again with PBS and divided into 2 groups of  90 pieces 
each. In the first group of plates, 2 biofilm cell samples 
of 1 cm2 each were collected with a swab from the same 
surface. The swab was vortexed for 20  s with 1  mL 
of saline, and a series of 10-fold dilutions was prepared. 
The dilutions were inoculated on SDA and incubated at 
25  ±2°C for 24  h, after which the yeast colonies were 
counted. 

The second half of  the plates, from which the biofilm 
was not collected, were stained with 0.1% crystal violet 
solution for 30 min. The stained biofilm was washed with 
cold water, air-dried for 24 h, and 2 biofilm cell samples 
of 1 cm2 each were collected from the plates with a scal-
pel. Each sample was then placed in a  well of  a  96-well 
microtiter plate and discolored with ethyl alcohol for 2 h. 
The alcohol with the dissolved stain was transferred to 
fresh microtiter plates. The amount of  the biofilm was 
estimated by measuring the absorbance of the stained al-
cohol at a wavelength of 560 nm.

Statistical analysis 

Statistical calculations were conducted using the R 4.1.1 
statistical package.22 The Kruskal–Wallis χ2 test for non-
parametric variables was used to test the differences be-
tween the groups. Pairwise comparisons were evaluated 
by using the Tukey and Kramer (Nemenyi) test for post 
hoc analysis with a  Tukey  lambda  distribution approxi-
mation for independent samples. A  p-value <0.05 was 
considered significant.
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Results

Evaluation of C. albicans viability 

The first step of  this research involved determining 
the effect of  cleaning procedures on biofilm viability 
by comparing the recovery of  colony forming units in 
samples treated with the tested methods to positive and 
negative control groups (samples untreated and cleaned 
with an ultrasonic cleaner, respectively). This allowed us 
to assess the cell-damaging or cell-killing potential of the 
cleaning methods. 

Of all the methods tested, air drying (Tukey and 
Kramer (Nemenyi) test, p  =  0.41) and DC with PBS 
(p  =  0.99) did not result in a  significant reduction in 
recovered colonies of C. albicans compared to the con-
trol samples. MultiClean fluid and Sonic-3 ultrasonic 

cleaner (p  =  0.00) showed effective activity against 
Candida cells. MultiClean fluid showed the strongest 
biocidal properties when used with the Sonic Denture 
Cleaner (p = 0.00) and independently (p = 0.00). De-
tailed data is presented in Fig. 1 and Table 1. 

Assessment of biofilm biomass:  
Crystal violet staining 

Crystal violet staining shows the effectiveness of  the 
cleaning method on the biofilm removal without assess-
ing its viability. The Tukey and Kramer (Nemenyi) test 
showed that the ultrasonic cleaner (p = 0.00) and the Son-
ic Denture Cleaner with PBS (p = 0.00) almost completely 
removed the biofilm from the surface of the acrylic plates. 
Air drying (p = 1.00), MultiClean fluid (p = 0.21), and the 
Sonic Denture Cleaner with MultiClean fluid (p = 1.00) 
were insufficient to remove C.  albicans cells from the 
acrylic plates compared to the control group. Detailed 
data is presented in Fig. 2.

Table 1. Candida albicans count in the evaluated study groups

Group
Variable [CFU/cm2]

mean median min max Q1 Q3

Control 2,319,588 505,000 116,000 15,945,000 260,000 3,082,500

DC + liquid 6,694 0 0 56,000 0 2,500

DC + PBS 764,222 510,000 6,000 2,295,000 209,750 1,477,500

Drying 308,778 179,750 5,000 2,240,000 62,250 337,500

Liquid 583 0 0 5,000 0 0

Sonic-3 24,278 6,250 0 90,000 0 58,750

Cleaning methods: control – untreated samples; DC + liquid – Sonic Denture Cleaner and MultiClean fluid; DC + PBS – Sonic Denture Cleaner and 
phosphate-buffered saline; drying – air-dried samples; liquid – MultiClean fluid; Sonic-3 – Sonic-3 ultrasonic cleaner.

Fig. 1. Impact of different cleaning procedures on the recovery of Candida 
albicans cells

The Kruskal–Wallis test revealed significant differences between the 
cleaning methods (χ2 = 82.302, df = 5, p = 2.768e-16). The line represents 
the median, the box shows the interquartile range, the whiskers stand for 
the minimum and maximum ranges, and the colored circles represent 
the outliers. The horizontal lines indicate statistically significant differences 
between variables. 
Cleaning methods: control – untreated samples; DC + liquid – Sonic 
Denture Cleaner and MultiClean fluid; DC + PBS – Sonic Denture Cleaner 
and phosphate-buffered saline; drying – air-dried samples; liquid – 
MultiClean fluid; Sonic-3 – Sonic-3 ultrasonic cleaner.

Fig. 2. Effectiveness of different cleaning procedures on biofilm removal as 
measured by crystal violet staining

The Kruskal–Wallis test revealed significant differences between the 
cleaning methods (χ2 = 65.473, df = 5, p = 0.000); OD – optical density.
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Discussion
The surfaces of  removable dentures used by patients 

are often covered with plaque, which can promote infec-
tions in  the denture-bearing area. In the case of  partial 
dentures, inflammation can be observed on the gingival 
surfaces that are in contact with the denture plate. Plaque 
can be removed from dentures by using several different 
methods, such as brushing with a denture brush or soak-
ing the plaque in chemical solutions (e.g., Corega tabs), as 
well as using devices such as microwave ovens or ultra-
sonic apparatus.23 If patient dexterity has decreased with 
age, effective cleaning of the dentures becomes more dif-
ficult, which can significantly affect the health of the oral 
tissues.

This study aimed to compare denture cleaning methods 
that do not require dexterity and are available for home 
use. 

Some patients believe that drying the prosthesis over-
night dehydrates and kills microbes present on the den-
ture. It can hardly be called a  hygienic procedure, but 
it does not require skilled hand movements or the help 
of third parties in its application. The results of this study 
showed that this method was not effective in killing 
C. albicans biofilm cells. Drying the dentures does not in-
volve any actions that would remove the biofilm from its 
surface or even lead to its fixation (Fig. 3). This method 
should never be recommended for patients with limited 
dexterity. 

The second method often used by patients is placing the 
dentures in the denture cleaning fluid. This method does 
not require a lot of dexterity but may require a little help 
in preparing the liquid, especially for people with diseases 
that affect cognitive abilities. The results show a signifi-
cant antifungal activity of  the liquid used in this study, 
but, like drying, it does not remove the biofilm from the 
surface of the prosthesis.

Other studies have shown that peroxide-based cleans-
ers are the most effective cleaning method.12,14,15,24 How-
ever, de Andrade et al.25 and Nishi et al.26 did not observe 
any antifungal activity resulting from the use of denture 
cleaning tablets alone, which is in contradiction with the 
results of the present study. The explanation for this sit-
uation may be the use of  the single-species rather than 
the multi-species biofilm model in the aforementioned 
studies, which included the Streptococcus species. The 
Streptococcus–Candida biofilm tends to be more diffi-
cult to break due to synergistic actions between these mi-
croorganisms.5 Peroxide-based cleansing solutions were 
found to be highly effective in killing C.  albicans cells, 
but they tended to fix the biofilm structure,25 which could 
then act as a base and a medium for microorganisms to 
rebuild the biofilm. These results are consistent with the 
outcomes of our study.

Sonic cleaning methods involve the mechanical re-
moval of the biofilm from the surface coupled with bio-
cidal activity by using sonic or ultrasonic vibrations to 
disintegrate the biofilm and release cells; however, the 
use of only ultrasonic waves with specific parameters can 
damage yeast cells.27 

The tools for sonic cleaning of  dentures used in this 
study included a  professional ultrasonic cleaner and de-
vices that generate vibrations to mimic ultrasound (Sonic 
Denture Cleaner with MultiClean fluid or with PBS). The 
Sonic Denture Cleaner, due to its size and ease of use, was 
considered an alternative method of denture cleaning for 
individuals with limited dexterity. Vibrations generated 
by this device effectively removed the biofilm from the 
surface of the plates, but no reduction in the cell viability 
was observed. The results obtained with the Sonic Den-
ture Cleaner and PBS regarding the biofilm removal were 
comparable to those of  the ultrasonic cleaner. Although 
the technical specifications were not provided by the man-
ufacturer, due to its structure, method of  operation and 
power source, it can be concluded that the Sonic Denture 
Cleaner generates a mechanical wave at a much lower fre-
quency and less power than an ultrasonic cleaner, which 
resulted in a much lower efficiency of the Sonic Denture 
Cleaner in damaging the structure of the biofilm. However, 
the combination of the Sonic Denture Cleaner with Multi-
Clean fluid had the strongest anticandidal properties.

Ultrasonic devices without peroxide-based clean-
ing agents were not effective in reducing the number 
of  C.  albicans cells in complete dentures.25,26 However, 
according to Ghazal et al.,15 the use of ultrasonic clean-
ers resulted in a  significant reduction in the number 
of C. albicans cells, and their findings are relatively con-
sistent with our results. Despite the efficiency with which 
ultrasonic cleaning disintegrates biofilms, its main disad-
vantage is the lack of access to these cleaners. Ultrasonic 
devices capable of generating frequencies that reduce the 
viability and adhesion of  biofilms are used primarily by 
professionals.25 

Fig. 3. Acrylic plates with Candida biofilm stained with crystal violet
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Pellizarro et al.28 suggested that the best results could 
be obtained by combining chemical and mechanical 
methods. They reported that sodium carbonate perox-
ide solutions can remove C. albicans from denture bases; 
however, soaking dentures in antiseptic liquid should be 
combined with brushing to control fungal growth more 
effectively. A  similar effect can be achieved by cleaning 
the denture with the Sonic Denture Cleaner, followed by 
soaking in a  disinfectant. Combining chemical disinfec-
tants with dental cleaners might help avoid the difficul-
ties associated with decreased mobility. However, simul-
taneous use of peroxide-based cleaners and ultrasonic or 
sonic dental cleaners may not produce the desired results 
due to the biofilm-fixing properties of the antiseptic fluid.

The main limitation of this study is the use of an in vi-
tro model to assess the removal of  C.  albicans biofilms 
from acrylic surfaces. The results may not be applicable 
to the cleaning of multi-species biofilms from more com-
plex denture surfaces. Most studies12,15,26,29 evaluated the 
effectiveness of denture plaque cleaning methods on re-
movable dentures that have been used for some time. This 
research model has obvious advantages in that it can con-
firm the observed ex vivo efficacy. On the other hand, we 
assessed the ability of different cleaning methods to kill 
and remove C. albicans from a porous material such as 
prosthetic acrylic. This study is also easily reproducible 
and adaptable to other biofilm models.

Our approach does not take into account the changes 
that occur in the physical properties of  acrylic during 
denture use. The introduction of a multi-species biofilm 
model and coating of  the acrylic with saliva would cer-
tainly help to obtain a better picture of the effectiveness 
of these methods.

Conclusions
The Sonic Denture Cleaner is a reasonably efficient tool 

for removing C. albicans biofilms from acrylic surfaces. 
The combination of  cleaning with a  dental cleaner and 
subsequently soaking the acrylic tiles in antiseptic liquid 
gave better results than using either method separately. 
Further studies evaluating the effectiveness of these tools 
for denture cleaning and taking into account multi-spe-
cies complex biofilm models as well as other clinical con-
ditions associated with denture wearers are required.
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Abstract
Mechanical loading can play a critical role in bone modeling/remodeling through osteoblasts, with several 
factors being involved in this process.

The present study aims to systematically review the effect of mechanical stimulation on human osteoblast 
cell lineage combined with other variables.

The PubMed and Scopus databases were electronically searched for studies analyzing the effect 
of  compression and tension on human osteoblasts at different differentiation stages. Studies that 
used carcinogenic osteoblasts were excluded. In addition, studies that did not analyze the osteogenic 
differentiation or proliferation of cells were excluded. The risk of bias of the studies was evaluated using 
the modified CONSORT (Consolidated Standards of Reporting Trials) checklist. a total of 20 studies were 
included. The cells were subjected to tension and compression in 5 and 15 studies, respectively. The 
application of  uniaxial and cyclic strain increased the proliferation of  osteoblasts. The same increased 
pattern could be observed for the osteogenesis of the cells. The impact of the tensile force on the expression 
of  the osteoclastic markers differed based on the loading characteristics. On the other side, the impact 
of compression on the proliferation of osteoblasts varied according to the magnitude and duration of the 
force. Besides, different patterns of alternations were observed among the osteogenic markers in response 
to compression. Meanwhile, compression increased the expression of the osteoclastic markers. It has been 
shown that the response of the markers related to bone formation or resorption can be altered based on 
the differentiation stage of the cells, the cell culture system, and the magnitude and duration of the force.

Keywords: proliferation, differentiation, compression, osteoblast, tension
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Introduction
Mechanical forces of physiological magnitudes applied 

to the bone tissue of the human body lead to the preserva-
tion and strengthening of the body’s bone mass. Weight-
lessness caused by space flight decreases bone mineraliza-
tion, while moderate mechanical loading, such as regular 
exercise, can improve bone tissue mineralization and den-
sity.1,2 The force produced during occlusion is naturally 
transmitted to the alveolar bone through the periodontal 
ligament fibers. It was reported that masticatory hypo-
function, followed by a chronic soft diet intake, reduces 
bone mass.3 In distraction osteogenesis, mechanical 
strain induces bone formation by osteoblasts.4 The clini-
cal success of  orthopedic and dental implant osseointe-
gration relies on appropriate mechanical loading factors.5

Mechanical loading can cause biological changes in 
various human cells. It stimulates the osteogenic differ-
entiation in human amniotic epithelial cells and human 
dental pulp stem cells.6,7 Compressive forces induce bone 
resorption and remodeling in human periodontal liga-
ment cells.8,9 External cyclic forces enhance osteogenic 
differentiation of  mesenchymal stem cells (MSC) of  the 
axial skeleton through Notch signaling induction.10 Ex-
tracellular matrix production and tenogenic differentia-
tion of human adipose-derived stem cells are enhanced by 
receiving an appropriate mechanical loading regimen.11

The osteoblast lineage includes bone-forming and 
bone-remodeling cells in the human body12 that play 
critical physiologic and therapeutic roles by responding 
to various types of stimuli caused by mechanical forces. 
These cells are mechanical sensors that can transduce 
mechanical stimuli into biochemical signals (cell-to-cell 
communication or the production of paracrine factors).13 
Therefore, mechanical forces can affect the bone model-
ing/remodeling process. a wide range of  in vitro experi-
ments have investigated gene expression and proliferation 
changes of osteoblasts under different methods of loading 
application.14 Mechanical strain can affect bone forma-
tion using bone matrix deformation and, therefore, the 
fluid shift within the osteocyte’s canaliculi.15

In orthodontic treatments, mechanical forces are used 
to move the tooth bodily or change its inclination. During 
typical orthodontic tooth movement, a  compression side 
and a tension side are created by the applied force.13 The ef-
fect of these two forces on osteoblasts has been investigat-
ed in several studies in vivo and in vitro. It has been shown 
that there are various factors affecting bone regeneration 
in the presence or absence of loading application, such as 
strain parameters (frequency, cycle number, and stimula-

tion duration)4 and scaffolds and medium growth factors.16 
Nevertheless, this systematic review aimed to summarize 
and compare the osteoblast’s behavior in response to the 
application of tension or compression in vitro and examine 
the factors that can influence these responses.

Methods

Eligibility criteria 

Type of participants and interventions 

Studies that analyzed the impact of mechanical forces 
on each type of  the human cell osteoblast lineage were 
included. Articles analyzing the behavior of carcinogen-
ic cells were excluded. Studies that merely assessed the 
effect of  medium mechanical features on the behavior 
of cells were excluded. Additionally, those that stimulated 
the cell through non-mechanical forces or forces other 
than compression or tension were excluded.

Type of outcome measurement 

Studies that analyzed the effects of mechanical stimula-
tion on the human osteoblast cell’s behavior (proliferation 
and differentiation) were included. Studies that merely as-
sessed factors other than those mentioned were excluded.

Type of studies 

All in vitro studies stimulated human cells of the osteo-
blast lineage at different stages of differentiation through 
mechanical force (tension and compression) were includ-
ed. All animal studies, abstracts, letters, and reviews were 
excluded.

Information source and search strategy 

PubMed and Scopus electronic databases were searched 
based on the combination of relevant keywords (Table 1). 
In addition, the reference lists of  indicated articles were 
manually searched to find possible related studies.

Study selection and data extraction 

Two reviewers performed study selection and data ex-
traction independently. Any disagreement was discussed 
and resolved by a third independent expert. After remov-

Table 1. Key Words

Mechanical Force (free text) Behavior (Mesh Term) Behavior (Free Text) Cells (Mesh Term) Cells (free text)

Tens* "Cell Prolifera-tion"[Mesh] Prolif* "Osteoblasts"[Mesh] Osteoblast*

Compress* "Cell Differentia-tion"[Mesh] Diff* "Osteoclasts"[Mesh] Osteoclast*
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ing duplicated studies using the EndNote reference man-
ager (EndNote X9.1), the initial screening of  titles and 
abstracts was done according to the mentioned eligibility 
criteria. Full texts of potentially eligible studies were re-
viewed in the next step. The study was designed accord-
ing to The Preferred Reporting Items for Systematic Re-
views and Meta-analysis (PRISMA) guidelines (Fig. 1).17

Data items 

The study’s methods and results were reviewed for data 
extraction. Extracted data items are as follows: 1) Cell 
lineage, 2) Type of mechanical stimulation, 3) Mechani-
cal device and loading characteristics, 4) Cell culturing 
medium, and 5) Cell response to mechanical stimulation 
(proliferation and differentiation).

Critical appraisal 

Assessing the quality of studies was done based on the 
modified CONSORT checklist,18 including the following 
14 items (Table 2): structured summary (yes/no), scientif-
ic background and explanation of rationale (yes/no), spe-
cific objectives and/or hypotheses (yes/no), explained in-
terventions insufficient details (yes/no), defined outcome 
measurements methods (yes/no), sample size determina-

Fig. 1. Flow diagram

Table 2. Modified CONSORT checklist for in vitro studies

Auther/year
Abstract Introduction Method Result Discussion Other

1 2a 2b 3 4 5 6 7 8 9 10 11 12 13 14

Bhatt et al (2007) (7) Y Y Y Y Y N N N N N Y Y N N Y

Brezulier et al (2020) (46) Y Y Y Y Y N N N N N Y Y Y Y Y

Grimm et al (2015) (20) Y Y Y Y Y N N N N N Y Y Y Y Y

Ignatius et al (2005) (35) Y Y Y Y Y N N N N N Y Y Y Y Y

Jansen et al (2004) (30) Y Y Y Y Y N N N N N Y Y Y N Y

Jansen et al (2006) (31) Y Y Y Y Y N N N N N Y Y Y N Y

Jansen et al (2010) (71) Y Y Y Y Y N N N N N Y Y Y Y Y

Kaspar et al (2000) (43) Y Y Y Y Y N N N N N Y Y Y Y Y

Kaspar et al (2002) (40) Y Y Y Y Y N N N N N Y Y Y Y Y

Kokkinos et al (2009) (8) Y Y Y Y Y N N N N N N Y Y N Y

Kreja et al (2008) (36) Y Y Y Y Y N N N N N Y Y Y Y Y

Kusumi et al (2005) (41) Y Y Y Y Y N N N N N Y Y Y Y Y

Rath et al (2012) (39) Y Y Y Y Y N N N N N Y Y N Y Y

Sanchez et al (2012) (45) Y Y Y Y Y N N N N N Y Y Y N Y

Tripuwabhrut et al (2012) (47) Y Y Y Y Y N N N N N Y Y N Y Y

Tripuwabhrut et al (2013) (23) Y Y Y Y Y N N N N N Y Y N Y Y

Weyts et al (2003) (34) Y Y Y Y Y N N N N N Y Y N N Y

Wozniak et al (2000) (42) Y Y Y Y Y N N N N N N Y N Y Y

Zhang et al (2018) (38) Y Y Y Y Y N N N N N Y Y N Y Y

Zhu et al (2008) (33) Y Y Y Y Y N N N N N Y Y N Y Y

1:structured summary, 2a: background, 2b: objective, 3: intervention, 4: outcome, 5: Sample size, 6:Randomized Sequence generation, 7: allocation 
concealment, 8: implementation, 9: blinding, 10: statistical method, 11: outcomes and estimation, 12: limitations, 13: funding, 14: protocol, Y:yes, 
N:no
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tion (yes/no), randomizing sequence generation (yes/no), 
allocation concealment (yes/no), implementation, usage 
of proper statistical method (yes/no), expressing the re-
sults for each group and the estimated size of  the effect 
and its precision (yes/no), addressing trial limitations 
(yes/no), addressing sources of  potential bias (yes/no), 
imprecision, and, if relevant, the multiplicity of analyses 
(yes/no), identifying the sources of funding (yes/no), and 
availability of the full study protocol (yes/no).

Results
Among 1542 studies, 1488 studies were excluded based 

on their titles and abstracts (Fig. 1). The full text of the 54 
remaining studies was analyzed, and 34 studies were ex-
cluded due to the following reasons: 7 studies performed 
the analysis in in-vivo conditions, five studies applied ir-
relevant forces such as microgravity and shear stress, 14 
studies used improper lineages such as osteosarcoma 
cells, and four articles used animal osteoblasts. Finally, 
20 studies were included for qualitative data synthesis. 
Among the included studies, tension and compression 
were applied in 15 and 5 studies, respectively (Table 3).

Cell lineage 

Human fetal (SV-HFO)19–24 and adult osteoblast from 
the tibia, femur,25,26 calvaria,27 or from subchondral bone 
pieces28; primary human osteoblasts from Cambrex Bio Sci-
ence4; osteoblast-like cells from tibia/femur/calvaria/ilia29; 
human bone marrow-derived osteoblasts (HBMDOs) from 
the femoral diaphysis5; and Clonetics normal human osteo-
blasts (NHOst),30 preosteoblasts, and osteoprogenitors31 
were used to evaluate the effect of tension. For compression 
assessment, the included studies used alveolar bone osteo-
blasts,14,32 human fetal osteoblasts,13 human tibia osteo-
blasts,33 and commercial human osteoblast cell lines.12

Force type 

The effect of tension on the biological activities of the 
primary human osteoblast lineage at different stages 
of differentiation was evaluated in fifteen studies, and five 
articles analyzed the effect of compression.

Force device 

In the included studies, the desired tension was applied by 
an  FX-4000T Flex-cell BioFlex Tension Plus Unit,4,19–23,27,31 
a 4-point bending device,5,26,29 a  six-station stimulation ap-
paratus,24,25 or other stretching systems.28,30 To apply the 
compressive force, two studies added lead weights to glass 
wells,14,32 one study used a  Flex-cell compression system,33 
one study used plastic tube caps,13 and one used a centrifuge 
system.12

Medium 

Assessing the tension effect, an osteogenic growth me-
dium was used for cell culture in twelve studies. In one 
of them, 1-alpha,25-dihydroxycholecalciferol, vitamin K1, 
and ascorbic acid were added to cultures that were tested 
for osteocalcin (OCN) synthesis.34 One study supple-
mented the osteogenic medium with osteogenic protein-1 
(OP-1)26 and another added hams F12.24 Three studies 
used standard mediums5,25,28 supplemented with vitamin 
D325 or collagenase II.28 Among the compression-related 
studies, cells were cultured in a standard medium in two 
studies32,33 and an osteogenic medium in one study.12 One 
study added hams F12 to the medium13 and one study 
analyzed the behavior of osteoblasts in both standard and 
lysates cultures.14 In addition, one study assessed the ef-
fect of clodronate on the behavior of osteoblasts.12

Cell response 

Tension 

Proliferation 

The proliferative response of the cells depends on load-
ing characteristics such as frequency and cycle number29 
and the differentiation stage of  osteoblasts is another 
factor affecting the cells’ proliferation and apoptosis af-
ter the force is applied.23 It was shown that mechanical 
loading could positively affect the proliferation of osteo-
blastic precursor cells in a (COL 1) matrix24 and promote 
the viability of the cells, decreasing the expression of two 
apoptosis ‘executioner’ caspases, and increasing prolif-
eration in a time-dependent manner.27 Eight hours of 9% 
uniaxial strain increased the osteoblasts’ proliferation 
rate by up to three times, more than 3% and 6%.4 Also, 
the application of cyclic stretch (two days for 30 minutes 
per day with a frequency of 1 Hz and a strain magnitude 
of 1000 µstrain) increased the proliferation rate by about 
10–48%.26 In contrast, it has been reported that the im-
mediate effect of  stretch on DNA synthesis (0/5 hours) 
is not significant. Also, the cells which received the most 
intense stretching exhibited the lowest proliferation.5

Osteogenesis 

Mechanical strain can stimulate bone formation using 
different signals and pathways. Wozniak et al. claimed that 
avb3-integrin activation is one of the mechanisms. It was 
shown that strain causes the redistribution of avb3-inte-
grin on the cell’s surface.31 Extracellular signal-regulated 
kinase (ERK1/2) signaling is also affected by mechanical 
loading. The effect of force on ERK1/2 is different based 
on the osteoblasts’ strain characteristics and differen-
tiation stage.19 Wnt/b-catenin signaling has an inhibitory 
role in osteoblastic differentiation independent of  the 
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Table 3. Comparison of studies

Study Cell Type Mechanical 
force

Device, duration, 
frequency of the force Medium Differentiation 

Tests
Prolifera-tion 

Tests Result

Tripuwabhrut 
et al. (2012) 
(47)

HOB from 
alveolar bone 
cultured on 

plates

Compression 
(continues)

 1.0, 2.0, 3.0, and 4.0 g/
cm2 for 1, 3, 24, 48, and 

72 h by adding lead 
weights into glass wells

Standard

- RT-PCR 
- human 

cytokine group 
I 2plex express 

assay kit

- MTT

- Proliferation: 1h had no ss 
effect, 3, 4 g/cm2 for 3–48 h 

de-creased  
- IL6 and CXCL8 MRNA 

increased in force depend-
ent manner after 24h 

(peaked at 4g) 
- IL6 and CXCL8 protein 

reduced in force dependent 
man-ner after 24h (lowest 

at 4g)

Brezulier1 et 
al (2020) 
(46)

HFO cultured 
on 2D and 3D 

model

Compression 
(continues)

1, 4 g/cm2 using plas-tic 
tube cap

DMEM + hams F12
- RT-PCR 
- ELIZA

- Glucose 
consump-tion 

- Propidium 
iodide and 

Hoechst 
staining

- Proliferation (2D): 24h: no ss 
difference; 72h: control = 1g/

cm2 > 4g/cm2  
- Proliferation (3D): 24h: con-
trol=1g/cm<4g/cm; 72h: no 

ss difference  
- ALP (2D, 3D): no ss differ-

ence 
- COL1 (2D, 3D): no ss 

difference  
- OCN: 2D: no ss diff; 3D: 4g/

cm2 > control 
- OPN (3D): no ss diff 

- RUNX2 (2D, 3D): 4g/cm2 > 
control 

- IL-6,8, OPG (2D,3D): in-
creased from 24 to 72,  
- OPG: no ss difference 

between 2D and 3D

Grimm et al 
(2015) 
(20)

HOB
Compression 
(continues)

34.9 g/cm2 by centri-
fuge

Osteogenic 
- Osteogenic + 

clodronate

- PCR 
- ELI-SA 

- IS
- MTT

- Proliferation: No ss differ-
ence 

- RANKL: In-creased 
- OPG: Decreased 

- Clodronate re-duced the 
effect of force 

- OPG protein: in-creased, 
clodro-nate + compres-sion 

decreased

Sanchez et al 
(2012) 
(45)

HOB from tibia 
cul-tured on 

plate

Compression 
(cyclic)

1 MPa, 1 Hz for 4h by  
Flexercell Compres-sion 

Plus system

DMEM + 5% FBS 
+ penicil-lin + 

streptomycin + 
glutamine

RT-PCR 
- ELI-SA 

- IS
N/A

- IL-6, IL-8, CC-2, RANKL, FGF-
2, MMP-3, MMP-9, MMP-13: 

Increased 
- OPG, Col-1, MMP-2: No 

ss diff

Tripuwabhrut 
(2013) 
(23)

HOB from 
alveolar bone 
cultured on 

plate 

Compression 
(continues)

2 and 4.0 g/cm2 for 1d 
by adding lead weight 

to glass 

Standard 
- Standard + lysate

- RT-PCR 
- ALP activity 

- IS 
- ELISA

NM

- OCN and OPN: No ss diff 
- Col 1: Increased 

- Runx2, OPG: Decreased 
- RANKL: In-creased at 4g/

cm2 
- ALP: Increased 

- ALP (lysate me-dium): 
De-creased 

- PGE-2: Increased

Bhatt et al. 
(2007) 
(7)

HOB cultured 
on plas-tic 

dishes

Stretch  
(cy-clic uniaxial)

3%, 6%, 9% 1 Hz  
for 8 h 

by Flexcell strain 
apparatus

Osteogenic - RT-PCR 
- IS

H thymi-dine

- Proliferation: Increased 
peaked at 9% 

- Col 1: Increased peaked 
at 9% 

- BMP-2: Increased at 9% 
- OPN, ON: Increased peaked 

at 3% 
- OCN: Increased
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Study Cell Type Mechanical 
force

Device, duration, 
frequency of the force Medium Differentiation 

Tests
Prolifera-tion 

Tests Result

Kaspar et al. 
(2000) 
(43)

HOB from tibia 
and femur 

cultured on sili-
con dishes

Sinusoidal 
strain 

(cyclic)

1000 µstrain 1 Hz 
over two days for 30 

min per day by 4-point 
bending device 

Osteogenic 
(For OC synthesis 

eval-uation: + 
1alpha,25-di hydroxy 

chole calciferol 
+ vita-min K1+ 
ascorbic acid)

- ALP activity 
- ELISA

Coulter Counter

- Proliferation: Increased 
- pre COL: In-creased 

- ALP: Decreased 
- OCN: Decreased

Kaspar et al. 
(2002) 
(40)

HOB from tibia, 
femur, calvaria 
and iliac cul-

tured on silicon 
dishes

Sinusoidal 
strain 

(cyclic)

-A: 1000µstrain 1Hz 
4, 60, 1800 and 3600 

cycles 
-B: 

1000µstrain 
0.1, 1, 10, 30Hz 

1800 cycles 
-C: 

1000 µstrain 
0.1, 1, 10, 30Hz 

30, 300, 3000 and 9000 
cycles 
5 min 

All by 4-point bending 
device

Osteogenic 
+ penicillin

N/A Coulter Counter

- Prolifera-tion: 
 -A: peaked at 1800 cycles 
 3600 cycles: Decreased 

 -B: no ss difference between 
differ-ent frequencies > 

control 
 -C: 1Hz and 300 cycle= 

high-est 
30Hz and 9000 cycles= 

unstimulated group 
Other frequencies and cycle 

numbers= Increased 

Zhang et al 
(2019) 
(38)

HOB from 
calvaria 

cultured on 
collagen coated 

Bioflex plate

Tension (cy-clic, 
equibiaxi-al)

2% 
0.2 HZ 

5 s, every 60 s for 6, 12, 
and 24 h by a Flexer-cell 

FX-4000 Strain Unit

Osteogenic 
+ antibiotic

- RT-PCR -MTT

- Proliferation: Increased after 
24 h (higher than 6,12h) 

 6h, 12h vs control : No ss diff  
- CALCR: decreased at 6h and 

increased at 12,24h 
- CTSK, COL10A1, CHRD: in-

creased in a time dependent 
man-ner  

- COL10A1, CHRD: de-
creased at 24h

Kreja et al. 
(2008) 
(36)

HOB from the 
tibia or femur 

cultured on sili-
cone dishes

Strain

-A: continuous 1%  
for 30 min, 6 h, 24 h, 72 h 

cell harvest-ing 
immediately after 

stimulation 
-B: 

continuous 1%  
for 30 min 

cell harvesting at 
different time points (0 

min, 30 min, 1 h, 3 h, 
and 5 h) 

-C: 
continuous 1%  

for 6 h  
cell harvesting at 3 h and 

18 h 
-D: 

Intermittent 
1% 

on 3 consecutive days 
(3×30 min, 3×3 h, and 

3×6 h) 
cell harvesting 

immediate-ly after 
stimulation 

-E: 
8% 

continuous (30 min) 
or intermit-tent on 3 

consecutive days (3×3 h) 
cell harvesting 

immediate-ly after 
stimulation

DMEM + FCS + 
vitamin D

- RT-PCR N/A

- A, B, C, E: 
 - RANKL, OPG, M-CSF, OCIL: 

No ss diff 
- D, E: 

 - RANKL: Increased by 
intermittent stim-ulation 3×3 
h and 3×6 h at a magni-tude 

of 1% and 3×3 at a magni-
tude of 8% strain
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Study Cell Type Mechanical 
force

Device, duration, 
frequency of the force Medium Differentiation 

Tests
Prolifera-tion 

Tests Result

Rath et al 
(2012) 
(39)

HOB from 
subchondral 
bone pieces 
cultured on 

BioFlex® culture 
plates coated 
with col-lagen 

type I 

tensile strain 
(continuous)

5%  
for 4 and 24 hours

TCM+ FCS+ anti-
biotic/antimycotic 

solution

- RT-PCR 
N/A

-4h: 
 -COLA1, COX2: In-creased 
 - BMP2, BMP7, OCN, OPN: 

No ss diff 
 

-24h: 
 -COLA1, COX2, BMP2, BMP7, 

OCN, OPN: No ss diff 
 

Kusumi et al 
(2005) 
(41)

NHOBs
Tensile strain  
(cyclic and 

continuous)

Cyclic: 
2%, 7%, 14% 

0.2, 0.25, 0.3 Hz 
10, 20, 30, or 45min, and 
once a day for 4h for 1, 2, 

or 3 successive days 
Continuous: 

7%  
for 3 days

OGM

-enzyme-linked 
immunosorbent 

assay 
-RT -PCR 
-Western 

immunoblotting 
analyses

N/A

- Cyclic: 
 -OPG: In-creased 

 - sRANKL, RANKL: De-
creased 

- Continuous: 
 -OPG, sRANKL, RANKL: No 

ss diff

Ignatius et al 
(2005) 
(35)

SV-HFO tension

1% 
1 HZ 

1800 cycles 
30min every day 
Cell harvesting: 

immediately after loading 
on days 3, 7, 10, 14, 17, 21 

six-station stimula-tion 
apparatus

Osteogenic+ Hams 
F12

-RT-PCR
- Coulter 
Counter

- Proliferation: Increased 
-COL I: constant from day7 to 

21, increased at 3, 7 
- ALP: in-creased from day1 

to 21 in both groups (control 
and stimulated),  

 Day 7,17>control 
-OPN: : increased from day1 

to 21 in both groups 
Day 3, 14>control 

-OCN: : increased from day1 
to 21 in both groups 

Day 3, 21>control 
-cbfa1: increased at day 3,7

Weyts et al 
(2003) 
(34)

SV-HFO  
cultured on 

collagen coated 
plates

Stretch  
(bi-axial)

0.4, 0.9,2.5% 
0.5 HZ 

For 72h 
in the presence or 

absence of osteogenic 
factors 

aMEM without 
phenol red + FCS + 
glycerophos-phate+ 

dexametha-zone

-PICP RIA 
-DNA quantities 

-ALP activity 
-calcium 

detection kit

- Sysmex cell 
coun-ter

- Prolifera-tion: 
 -day 7: decreased at all 

magnitudes in both standard 
and inducing medium 
 -day14: increased at all 

magnitudes in inducing me-
dium and no diff in standard 

me-dium 
 -day21: No ss diff 

- DNA levels: increased from 
7 to 21d, at 21d ss higher in 

induc-ing medium 
-pro COLI: de-creased from 

7d to 21d, no ss diff between 
medi-ums 

- ALP: peaked at 14d, ss 
higher in induc-ing medium 

at 14,21d 
-calcium accu-mulation: 

in-creased from 7d to 21d in 
induc-ing medium, ss higher 
in induc-ing medium at 21d

Jansen et al. 
(2004) 
(30)

SV-HFO 
cultured on 

collagen coated 
Bioflex plates

Stretch  
(bi-axial)

0.4%  
for 5, 15, 60 min on day 
7, 14, or 21 by Flexercell 

strain apparatus

Osteogenic
-Western blot 
- ALP activity

N/A

- ERK1/2 phos-phorylation:  
 -duration: rapid increase 
with a max between 5-15 

min 
60 min: decrease toward 

baseline 
 -day: strongest at day 14,21 

-Day 21: differentiated 
cells>>non-differentiating 

-After day 21: in the presence 
of osteogenic fac-tors>>in 

the ab-sence of osteo-genic 
factors
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Study Cell Type Mechanical 
force

Device, duration, 
frequency of the force Medium Differentiation 

Tests
Prolifera-tion 

Tests Result

Jansen et al 
(2006) 
(72)

SV-HFO 
cultured on 

collagen coated 
Bioflex plates

Stretch  
(bi-axial, cyclic)

0.5 Hz 
for 15 min on days 7, 

14, 21 
by Flexercell strain appa-

ratus

aMEM without 
phenol red + 

HEPES+ charcoal 
treat-ed fetal calf 
se-rum + CaCl2 
+ streptomycin 
+ penicillin + 

dexa-methasone + 
b-glycerophosphate

-ALP activity 
-DNA level 
-Calci-um 

Deposition 
-Alizarin Red S 
-Western blot 

- DNA levels: increase 
in mineralizing cultures > 
non-mineralizing cultures 

-ALP: 
 - miner-alizing cultures: 

increase, peaked at day 14. 
 - nonmineralizing cultures: 

no change 
-Calcium Deposi-tion, 

Alizarin Red S: 
Day 7: no mineraliza-tion, day 
14: onset of mineral-ization, 
day 21: full mineraliza-tion 
-MMP-1, MMP-3: in-crease  

-gene expres-sion: 
most= MMP-1, -2, -14, 

TIMP-2.  
Least= MMP-8

Jansen et al 
(2010) 
(71)

SV-HFO 
cultured on 

collagen coated 
Bioflex plates

Stretch  
(bi-axial, cyclic)

-short term:  
single bout cy-clic 

0.4% 
0.5 Hz 

for 15 min on days 5,14 
-long term: 

repetitive bouts of 15 
min for five times per day, 

day 5-21 
by Flexercell strain 

apparatus

aMEM without 
phenol red+ 

HEPES+ charcoal 
treat-ed 

fetal calf se-
rum+ CaCl2+ 

streptomycin+ 
penicillin+ dexa-

methasone+ 
b-glycerophosphate

-ALP activity 
-DNA level 
-Calci-um 

Deposition 
-Alizarin Red S 
-Western blot

N/A

- DNA levels: No ss diff 
-ALP: peak at day14 

,stretched: lower at first, 
higher during the min-

eralization phase 
-Alizarin Red S: peak at 
day14 ,stretched: lower 

at first, higher during the 
mineralization phase

Zhu et al 
(2008) 
(33)

SV-HFO 
cultured on 

collagen coated 
Bioflex plates

tension

0.8%, 1.6%, 2.4%, 3.2%  
1 HZ 

for 48h 
by Flexercell strain 

apparatus

Osteogenic + G418
-RT-PCR 

-ALP activity
N/A

- COLI: en-hanced by the 
increasing strain gradually 

- ALP: increased at 0.8% and 
1.6%, no change at higher 

magni-tudes.  
- OCN: increased at higher 

magni-tudes of strain (2.4% 
and 3.2%).no change at 0.8% 
and 1.6%. elongation had no 

effects 
- Cbfa1/Runx2 mRNA: in-

creased only at the highest 
mag-nitude of strain 

Kokkinos 
et al 
(2009) 
(8)

HBMDO 
from the 
femoral 

diaphysis 
cul-tured on 

Ti-6Al-4V

Homogeneous 
strain

500, 1000 µstrain 
0.5, 1 Hz 

for 0.5 h, 1.5 h, 3 h, 6 h 
by four point 

bending device

standard -RT-PCR - DNA synthesis

- DNA synthesis:  
 - 0.5 h: no effect 

 - 1000 µstrain, 1 Hz: lowest 
stimulato-ry result 

- Cbfa1 mRNA: peak =0.5 Hz, 
500 µstrain, 3 h

Wozniak et al 
(2000) 
(42)

preosteoblasts, 
oste-oprogeni-

tors, 
osteoblasts 

from human 
bone marrow 
cultured on 
colla-gen/

vitronectin-
coated 

supports

Strain 
(cyclic)

70,000 µstrain 
0.05 Hz 
For 48h 

at 3 
cycles/minute (10s on/10 

s off )

Osteogenic + OP1

-IHC 
-flow 

cytometric 
analysis 

-Western 
analysis 

-immuno-
blotting of cell 

lysates 
-Alizarin red-S

N/A

-avb3: 
 - syn-thesis: no diff 

 - redistribution: increased 
the number and size of the 

plaquelike sites of avb3 
expression 

-OCN: : in-creased 
-OPN: strain stimulate 

secretion of the 168-kDa 
mole-cule such that it does 
not accumu-late in the cell 
-Alizarin Red S: increased 

the intensity of min-eralized 
nod-ules

HOB: human osteoblasts, HFO: human fetal osteoblasts, HBMDO: human bone marrow derived osteoblasts, NHOBs: normal human osteoblasts, OGM: 
osteogenic growth medium, TCM: tissue culture medium, Ss: statistically significant
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ERK pathway. Mechanical loading affects this signaling 
in a time-dependent manner (initial increase followed by 
a long period of inhibition after stretch).21 There are some 
ways that osteoblastic differentiation can be monitored, 
such as the detection of DNA levels (cell density), matrix 
production (procollagen secretion), maturation (alkaline 
phosphatase (ALP) activity), and mineralization (calcium 
levels) for instance.23 Mechanically strained HBMDOs 
and SV-HFO/SV40 produced higher intensities of  min-
eralized nodules.20,21,23,31 ALP activity was increased in 
stretched HFOs,20–24 but higher strain magnitudes did not 
affect it.22 Mechanically stimulated osteoblasts showed 
lower levels of  it.26 Biomechanical loading increases the 
COL 1 expression in human osteoblasts and HFOs in gen-
eral,4,22,26 but the day of culture24 and duration of loading 
application28 can change its expression results. HFOs,24 
preosteoblasts, and osteoprogenitors31 showed higher 
OCN and osteopontin (OPN) expression and secretion 
levels after mechanical stimulation. It was reported that 
the mRNA expression of  OCN and OPN in osteoblasts 
and HBMDOs increased, but the peak depended on the 
strain magnitude.4,5,22 Kasper et al. concluded that strain 
reduces OCN expression in osteoblasts.26 In contrast, 
Rath et al. reported that it does not affect the expression 
of OCN and OPN in the same cells.28

Cyclic uniaxial stretch increased bone morphogenetic 
protein-2 (BMP-2) expression in primary human osteo-
blasts,4 but continuous tensile strain made no significant 
change in the expression of  BMP-2 and BMP-7.28 Core 
binding factor-α1 (Cbfa1) is the osteoblast-specific tran-
scription factor through which mechanical loading can 
affect osteoblast differentiation.21 Cbfa1 expression in 
HBMDOs peaked at 500 µε and decreased at higher mag-
nitudes of  mechanical loading (1000 µε),21 while HFOs 
exhibited increased expression of  it only at the highest 
magnitude (3.2%).22

Osteoclastogenesis 

Changes in RANKL/RANK/OPG mRNA and protein 
synthesis are influenced by loading characteristics.25 Dif-
ferences in the results of changes due to cyclic and contin-
uous force confirm this statement.30 Among the various 
matrix metalloproteinases (MMPs), MMP-1, and MMP-3 
significantly increased under the influence of the applied 
force.20

Compression 

Proliferation 

Among three studies12,13,32 that assessed osteoblast 
proliferation, one study mentioned the magnitude and 
duration-dependent manner of  compression.32 In addi-
tion, one study13 mentioned that osteoblasts had different 
reactions to compression in 2D and 3D conditions, and 

only one study12 mentioned that compression has no sig-
nificant effect on the proliferation of osteoblasts.

Osteogenesis 

To assess the osteoblastic differentiation/activity, the 
expression, release, or production of the following factors 
was analyzed: ALP, COL 1, OCN, OPN, and osteoprote-
gerin (OPG). It has been mentioned that the alternation in 
the expression of osteogenic factors differs in 2D and 3D 
conditions except in the case of runt-related transcription 
factor-2 (RUNX2), which increased in both conditions.13 
However, the decrease in the expression of RUNX2 can 
also be seen.14 It has been mentioned that the expres-
sion of  OPG decreased following compression.12,33 One 
study14 mentioned that the expression of ALP and COL 
1 increased, while one study showed lower rates of COL 
1 following compression, and another study33 mentioned 
no significant difference in the expression of COL 1. In ad-
dition, no significant difference in the expression of OCN 
and OPN was seen.14

Osteoclastogenesis 

The rate of interleukins (IL-6, IL-8), MMP, RANKL, and 
cytocolagenase 2 were analyzed to assess osteoclastogen-
esis. Four studies12,32,33 mentioned that compression in-
creased the rate of osteoclastogenic factors. However, one 
study33 mentioned no statistically significant difference in 
the expression of MMP-2.

Discussion
Osteoblasts face different types of  mechanical forces 

in the human body. The success of treatment procedures 
such as distraction osteogenesis and orthodontic treat-
ments is related to the reaction of osteoblasts to mechani-
cal forces, specifically tension and compression. Several 
studies have been done using in-vitro conditions to ana-
lyze the behavior of osteoblasts and monitor the expres-
sion of specific factors that play a crucial role in bone for-
mation and absorption. The results can be beneficial in 
anticipating the reaction of osteoblasts to the mechanical 
forces in the human body.

Cell lineage 

Primary osteoblasts have different sensitivities to me-
chanical strain compared to SV40-immortalized osteo-
blasts.20 It can be hypothesized that due to the rigidity 
of  the extracellular matrix following mineralization, the 
effect of  mechanical forces on osteoblasts will be re-
duced.35 In fact, the differentiation stage affects the mech-
anosensitivity of osteoblasts. For instance, the expression 
of MMP-3 increased 25-fold after applying tensile force 
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on the fifth day of cultivation.20 However, it increased by 
lower amounts (5 folds) when the force was applied on the 
seventh day of  cultivation when the medium was more 
mineralized.20 In addition, the tensile force did not affect 
MMP-3 expression when the force was applied on the 
21st day of cultivation.20

Force device 

The included studies applied tension through different 
devices. The protocol of mechanical force has a more sig-
nificant effect on the accuracy of results compared to the 
specific device that was used. In terms of tensile force, it is 
essential to make sure that mechanical force is distributed 
evenly between cells. It is mentioned that this goal can be 
reached by placing cells in the center of the bio-flex plate 
accurately.

Force characteristics 

Despite the controversies about the exact amount 
of physiological mechanical strain in the human body, it 
is claimed that its normal range is between 50–1500 µs. 
Below this range is defined as the disuse mode and causes 
bone weakness. Bone remodeling is started at 1000–1500 
µs and can be continued up to 3000 µs, which is the start 
of micro-damage manifestations.36 a high number of  in-
cluded studies applied supraphysiological forces, which 
may jeopardize the reliability of the results. This may have 
resulted from not seeing significant differences at lower 
magnitudes.

Some studies mentioned that prolonging the duration 
of mechanical force leads to desensitization of cells and 
reduces the positive/negative effect of  mechanical forc-
es on osteoblasts.14,37 The duration of  force application 
among studies that applied continuous tension did not 
exceed several hours.28,35,38 Only Kreja et al.39 applied con-
tinuous force for 72 hours. However, they did not mention 
a significant effect of continuous force, while gene expres-
sion altered following intermittent force application in the 
mentioned study.

Cell culture system 

The effect of  mechanical stimulation can be altered 
based on the cell culture system.24 To assess the molecular 
mechanisms concerning the effect of  mechanical forces 
on gene expression and how mechanical forces convert 
to molecular signals, it is recommended to use 3D condi-
tions rather than conventional 2D environments. In addi-
tion, the 3D condition will provide an environment that 
more resembles in-vivo conditions. It must be considered 
that before the cultivation of cells under 3D conditions, 
such as what has been done in Brezulier et al.13 and Igna-
tius et al.,24 it is essential to assess the viability of 3D con-
ditions through cell viability assays such as MTT or BrdU 

assays prior to the commencement of  the experiment. 
However, among all included studies, only two studies 
analyzed the behavior of osteoblasts in 3D conditions.13,24 
In addition, 2D conditions have some artifacts compared 
to the in-vivo conditions. For instance, Bhatt et al.40 men-
tioned that in in-vivo conditions, tensile stretch with 
a frequency of 1 cycle/12 hours is used. However, this fre-
quency had no significant effect on the behavior of osteo-
blasts using in-vitro conditions.40

The composition of the medium can affect the response 
of  stem cells to mechanical forces. For instance, Kre-
ja et al.39 aimed to analyze the osteoclastogenic response 
of  osteoblasts to different magnitudes and frequencies 
of strain. Considering the positive effect of vitamin D3 on 
the RANKL expression, it has been added to the medium 
to induce osteoclastogenesis.39 In addition, FCS, which 
was added to the medium in this study,39 contains osteo-
clastogenic cytokines, proteins, and growth factors.

Proliferation and viability 

The proliferative response of osteoblasts is one of  the 
primary changes that occur after force application.29 
Factors such as culture conditions, mechanical stimula-
tion parameters, and duration of loading application can 
strongly affect the results,5,23,29,34,37,41 but no correlation 
was found between cellular responsiveness and donor 
variability of  bone cell origin.29 an  appropriate number 
of  cycles and strain frequency intensifies proliferation 
and cell viability23,27,29,34 while compressive force gener-
ally inhibits cell proliferation37 except in cases in which 
proliferation had already been down-regulated because 
of  other reasons (by clodronate for example).12 In com-
parison with 2D cultures, seeding the cells in 3D cultures 
resulted in better proliferative responses and adaptation 
to compressive forces because of better nutrient access or 
low cell concentration density.24,41

Differentiation 

To assess osteogenesis/osteoclastogenesis, the expres-
sion and protein production of osteogenic factors such as 
ALP, OCN, OPN, RUNX2, and COL 1 can be analyzed. 
Considering the fact that these genes consist of long-term 
and short-term markers, elongation of cultivation times 
may provide more accurate results. Therefore, a portion 
of  included studies12,41 extended the duration of  the ex-
periment by several weeks to obtain more reliable results, 
while some performed analyses several hours following 
the stimulation.37 This variety can be justified by consid-
ering that the duration of the analysis would be set based 
on the type of markers that were analyzed.

Cells obtained from different patients may exhibit differ-
ent behaviors.26,39 For instance, Kaspar et al.26 mentioned 
that even in the control group of their study, which was not 
subject to mechanical forces, osteoblasts showed different 
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behaviors. Included studies that derived osteoblasts from 
human bone did not discuss the common source of osteo-
blasts in the control or experimental groups.

Alkaline phosphatase 

ALP is an early osteogenic differentiation marker. Stud-
ies showed that mechanical forces can increase the prolif-
eration in the high ALP activity stage of osteoblasts. For 
instance, Weyst et al.42 mentioned that the ALP activity 
of HFO will peak 14 days following the mechanical force. 
In this stage, mechanical strain increases proliferation. 
However, in the earlier or later phases, stretch decreased 
or did not alter proliferation, respectively.

Different types of osteoblasts may show contradicting 
behavior to compression. For instance, the amount of 4 
gr/cm2 compression has no effect on the ALP expression 
of HFO while increasing the expression in HOB. In the 
case of tensile forces, different magnitudes and frequen-
cies of  stimulation increased ALP activity in HOB and 
HFO.20,21,35,42 Moreover, among all included studies, the 
rate of ALP activity peaked after 14 days of force applica-
tion, which is considered the initiation of mineralization.

PGE2 can induce both osteoblastic and osteoclastic 
procedures. It has been hypothesized that PGE2 may in-
crease the production of ALP and COL 1.14 The same in-
creasing pattern following the expression of ALP can con-
firm the increasing effect of PGE2 on ALP and COL 1.14

Collagen type I 

It makes up 90% of organic materials in the bone ma-
trix20 and is considered an early osteoblast differentiation 
marker. It is apparent that proliferation and the expression 
of  COL 1 downregulate before the upregulation of  os-
teogenic genes. However, it has been shown that COL 
1 enhances osteogenesis.43,44 Cells that were cultured on 
collagen matrixes had higher osteogenic gene expression 
and expressed the osteogenic factors earlier compared to 
those cultured on plastic dishes.45 In addition, collagen 
causes uniform mineralization compared to focal miner-
alization on plastic dishes.45

It has been assumed that mechanical stimulation will 
alter the expression of  COL 1 directly. However, San-
chez  et  al.46 mentioned that the production of  MMP-3 
caused by mechanical stimulation affects the rate of COL 
1 expression. They mentioned that 4 hours following the 
compression, there were no changes in the rate of COL 1. 
However, MMP-3 increased at this time point. They hy-
pothesized that the rate of COL 1 will increase in the next 
phase of differentiation.

Osteocalcin 

It is the most plentiful non-collagenous protein ex-
pressed only by fully differentiated osteoblasts and is 

critical for bone metabolism.47 The effect of mechanical 
forces on OCN expression depends on the force’s type, 
magnitude, frequency, and duration. For instance, it has 
been mentioned that compression has no significant ef-
fect on OCN expression. In contrast, tension alters its ex-
pression in different patterns. Among all included studies, 
the expression of OCN decreased when 0.1% strain was 
applied.26,38 However, Ignatius  et  al.24 mentioned higher 
expression of OCN following 0.1% strain. Different types 
of osteoblastic cells were used in the mentioned studies, 
which may be the reason for conflicting results.

The amount of  0.05%, 2.4%, 3%, 3.2%, and 7% strain 
increased OCN expression in osteoblasts with no con-
flicts between studies. Since OCN expression will be 
recognized in the late stages of the differentiation, per-
forming the analyses at least 48 hours after the stimu-
lation, which was most common among the included 
studies, may give more accurate results. For instance, 
Rath et al.28 analyzed the expression after 4 hours and 24 
hours of mechanical force and did not mention any sig-
nificant differences. It does not mean that OCN cannot 
be recognized at the earlier time points. For instance, 
Bhatt et al.40 analyzed the expression 12 hours after the 
stimulation and showed higher rates of OCN following 
the mechanical force.

Cbfa1 is the key to converting mechanical stimulation to 
osteogenic differentiation. The expression of this marker 
can be increased following mechanical tension.22,38 It can 
increase MSCs differentiation to osteoblasts and regulate 
osteoclastic function by binding to osteoblastic acting ele-
ments (OSEs), which are located in the promoter region 
of the osteoblast’s specific genes such as OCN, OPN, BSP, 
and COL I.48

Osteopontin 

This factor is a  late osteoblastic differentiation mark-
er. a 4 gr/cm2 compression will decrease the expression 
of  OPN in HFO13 while having no significant effect on 
HOB.14 The expression of  OPN increased following the 
tensile force in all of  the studies, independent of  the 
magnitude, duration, and frequency of  the cyclic tensile 
force.24,40,49 However, same as OCN, since it is a late-stage 
factor, a minimum time is needed to recognize significant 
differences in the expression of this gene. Rath et al.28 was 
the only study that mentioned no significant difference in 
the rate of OPN. This can be because Rath et al.28 was the 
only study that applied continuous tensile force while oth-
ers applied cyclic forces.

Runt-related transcription factor 2 

Runx2 is a transcription factor playing a crucial role in 
MSC functionality in forming osteoblasts, osteoclasts, 
osteocytes, and bone lining cells. Its positive and nega-
tive regulation can impact the bone formation process.50 
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Among the included studies, ALP and COL 1 factors did 
not increase or decrease in the same manner as RUNX2, 
which suggests that they are produced in a  RUNX2-in-
dependent manner.13,14 However, it has been mentioned 
that OCN may be expressed through a Runx2-dependent 
pathway.14 HOB and HFO showed contradicting results 
about the effect of compression on RUNX2 expression. In 
fact, a 4 gr/cm2 compressive force increases the expres-
sion of  RUNX2 in HFO13 while decreasing the expres-
sion in HOB.14 On the contrary, with compression, high 
magnitudes of  tensile force can increase the expression 
of RUNX2.22

Osteoclastogenesis 

Receptor activator of nuclear factor kappa-Β ligand 

This factor has a significant effect on orthodontic tooth 
movement by increasing the bone resorption rate. Besides 
osteoblasts, this factor can be found in odontoclasts, os-
teocytes, and fibroblasts during tooth movement. The ex-
pression of RANKL will increase following compression 
in both HOB and HFO, independent of the force’s mag-
nitude. In addition, continuous tensile forces have no sig-
nificant effect on the expression of RANKL, while cyclic 
tensile force decreases RANKL expression30,39. It has been 
proven that IL-8 can increase the expression of RANKL, 
which can be confirmed by considering that among in-
cluded studies, RANKL and IL-8 alter in the same pattern 
in response to mechanical forces.46

Interleukin 6 and interleukin 8 

These two markers, which can act in a paracrine and 
autocrine manner, are considered osteoclastogenic fac-
tors. These two markers can be found in the gingival 
fluid during orthodontic tooth movement. Tripuwab-
hurt  et  al.32 mentioned that although compression in-
creased the expression of  IL-6, IL-8, and C-X-C motif 
chemokine ligand 8 (CXCL8), it reduced the rate of IL-6 
and CXCL8 protein levels.32 This controversy can be 
justified by considering the negative feedback control 
in post-transcriptional procedures.32 The expression 
of IL-6 and IL-8 increased following the compression in 
both HOB and HFO, independent of the magnitude and 
type of compression.13,32,33

Osteoprotegerin 

This factor neutralizes the enhancing effect of RANKL 
on osteoclastogenesis.13 Grimm  et  al.12 mentioned that 
compression decreased the expression of OPG. Howev-
er, the protein levels of  OPG increased. This contradic-
tion can be justified by considering the physiological se-
quences that lead to protein production.12 Compression 
increased the expression of OPG in HFO,13 while lower 

rates of this marker were seen following the compressive 
force in HOB.14,33 In addition, the continuous tensile force 
had no significant effect on the expression of  OPG.30,39 
However, the rate of OPG increased following the cyclic 
tensile force.30 It must be mentioned that the effect of ten-
sion on HFO was not evaluated.

Limitations 

More studies are needed to assess the independent ef-
fect of magnitude, duration, and frequency of force on the 
behavior of osteoblasts.

A portion of the studies did not mention the differentia-
tion stage of osteoblasts at the time of analyses.

Studies with the same osteoblast source for control and 
experimental groups are needed.

More studies that analyze the effect of mechanical forc-
es in 3D conditions are needed.

More studies that apply mechanical forces in the mag-
nitudes close to in-vivo conditions are needed.

Conclusions
This study aimed to analyze the in-vitro studies that 

applied tension or compression forces (two significant 
forces in dentofacial deformity treatments) to osteo-
blasts from different aspects. It has been shown that the 
response of  markers that are related to bone formation 
or absorption can be altered based on the differentiation 
stage of the cells, the cell culture system, and the magni-
tude and duration of the force. Our results can be useful 
to compare different in-vitro conditions to physiological 
conditions to specify what best resembles in-vitro condi-
tions of the human body environment during treatments 
such as orthodontic tooth movement and distraction os-
teogenesis.
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Abstract
Oral mucosal diseases are a  group of  conditions that affect the oral mucosa with variable severity and 
include recurrent aphthous stomatitis (RAS), oral lichen planus (OLP), pemphigus vulgaris (PV), mucous 
membrane pemphigoid (MMP), and systemic lupus erythematosus (SLE). These may manifest clinically 
as painful oral ulcerations, reticulations and/or erosions, with differences between each. Management 
protocols often include initial topical and/or systemic corticosteroid (CS) therapy to control the patient’s 
acute symptoms, followed by CS-sparing agents for long-term maintenance therapy. Patients with oral 
mucosal diseases often require dental implants to replace missing teeth. However, data on potential 
complications and success rates for these cases is still lacking. Considering the steady increase in the 
incidence of immune-related systemic conditions in the general population globally, dentists are expected 
to have the needed knowledge and ability to safely place dental implants in this group of  patients. 
Therefore, this review aims to discuss the underlying pathogeneses of  common oral mucosal diseases, 
clinical presentations, best practice approaches, and recommendations for the placement of  dental 
implants in patients with similar conditions.
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tous, vesiculobullous diseases

Cite as
Al Ramil AM, Lamfoon S, Mawardi H. Dental implants for 
patients with oral mucosal diseases: A narrative review and 
clinical guidance. Dent Med Probl. 2023;60(4):687–696. 
doi:10.17219/dmp/142871

DOI
10.17219/dmp/142871

Copyright
Copyright by Author(s)
This is an article distributed under the terms of the 
Creative Commons Attribution 3.0 Unported License (CC BY 3.0)
(https://creativecommons.org/licenses/by/3.0/).

Review 

Dental implants for patients with oral mucosal diseases: 
A narrative review and clinical guidance
Ahmad Mubarak Al Ramil1,B–D, Shatha Lamfoon1,B–D, Hani Mawardi2,A,D–F

1 Ministry of Health, Riyadh, Saudi Arabia
2 Department of Oral Diagnostic Sciences, Faculty of Dentistry, King Abdulaziz University, Jeddah, Saudi Arabia

A – research concept and design; B – collection and/or assembly of data; C – data analysis and interpretation;  
D – writing the article; E – critical revision of the article; F – final approval of the article

Dental and Medical Problems, ISSN 1644-387X (print), ISSN 2300-9020 (online) Dent Med Probl. 2023;60(4):687–696

https://creativecommons.org/licenses/by/3.0/


A.M. Al Ramil, S. Lamfoon, H. Mawardi. Dental implants and oral mucosal diseases688

Background
For the past several decades, replacing missing teeth 

with dental implants has become the first choice for 
patients in need of better predictability, longevity and 
esthetics.1 This preference can be attributed to fac-
tors such as the ability to preserve neighboring teeth, 
improved quality of  life and the high survival rate 
of placed implants.1 When compared to other available 
treatments, dental implants continue to be the closest 
option to mimicking natural teeth and restoring lost 
function. 

Although the reported success rate of dental implants 
is approx. 95–98% in healthy subjects, the outcome data 
in patients with oral mucosal diseases is still lacking.2–4 
Oral mucosal diseases include a  wide range of  condi-
tions that have a significant impact on the patient’s qual-
ity of  life, ranging from mild to more severe, such as 
recurrent aphthous stomatitis (RAS), oral lichen planus 
(OLP) and pemphigus vulgaris (PV).2 Management pro-
tocols for these conditions often involve initial topical 
and/or systemic corticosteroid (CS) therapy to control 
the patient’s acute symptoms, followed by CS-sparing 
agents for long-term maintenance therapy.5 In some 
clinical scenarios, combinations of more than one agent 
with long-term follow-up are indicated for an  optimal 
outcome.

Considering the steady increase in the incidence of im-
mune-related systemic conditions in the general popu-
lation globally, dentists are expected to have the needed 
knowledge and ability to safely place dental implants in 
this group of  patients.3 Therefore, this review aims to 
discuss the underlying pathogeneses of  common oral 
mucosal diseases, clinical presentations, best practice 
approaches, and recommendations for the placement 
of dental implants in patients with these conditions. 

Recurrent aphthous stomatitis

Overview 

Recurrent aphthous stomatitis is a  common chron-
ic inflammatory disease characterized by recurrent, 
painful ulcerations of  the oral mucosa.6 The estimated 
prevalence of RAS ranges from 5% to 25% in the general 
population and can reach up o 60% in selected groups 
with higher stress levels, such as students or profession-
als in demanding jobs.6,7 Recurrent aphthous stomatitis 
is most commonly diagnosed in young patients, with 
a peak onset between 10 and 29 years of age and a  fe-
male predominance.6 The etiology of  RAS is still un-
known but it is reported to be hereditary with multiple 
implicating factors such as stress levels, oroantral micro-
biota, and deficiencies in iron and vitamin B complex.8 
Clinically, RAS manifests as a painful ulcer or multiple 

ulcers, covered by a  grey-yellowish pseudomembrane, 
and surrounded by an  erythematous halo on the non-
keratinized oral mucosa (Fig. 1).9 There are several types 
of RAS, including minor, major, herpetiform, or complex 
type. The type of  RAS determines the selection of  the 
most suitable treatment approach (Table 1). 

Management 

In order to diagnose RAS, other potential causes (e.g., 
iron, vitamin B12 or folate deficiencies and trauma) and 
underlying medical conditions such as Crohn’s disease, 
ulcerative colitis, Behçet’s disease, and systemic lupus 
erythematosus (SLE), which may present clinically with 

Fig. 1. Patient with severe and minor recurrent aphthous stomatitis (RAS) 
involving the maxillary and mandibular labial and buccal mucosa
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aphthous-like oral ulcerations, should be excluded.6,9 
In addition to a clinical examination, laboratory inves-
tigation (e.g., colonoscopy for possible Crohn’s disease) 
and medical consultations may be needed to rule out 
secondary RAS. 

As of today, there is no cure for RAS. However, it is 
a  self-limiting condition that takes from 4 to 14 days 
to heal completely. In some situations, longer periods 
of healing are observed, particularly in cases of major 
RAS, resulting in scarring at the ulcer site.8 Several op-
tions are available to manage the patient’s symptoms, 
including topical administration of  lidocaine (i.e., gel, 
spray, or suspension) for pain control and cyanoacry-
late-based sealing agents such as isoamyl-2-cyanoac-
rylate to create a  protective layer over the ulcer and 
improve function.10 Mild to moderate symptoms may 
respond to topical CS therapy in the form of gel or oint-
ments (i.e., fluocinonide or clobetasol propionate), or 
elixir (i.e., dexamethasone or compounded clobetasol) 
for cases with multiple ulcers (Table 2). Intralesional 
injections of triamcinolone acetonide provide a useful 
option for painful, larger ulcers to expedite the healing 
process. Cases with more acute and severe symptoms 
may require a  short course of  systemic CS therapy.6 
Long-term prophylaxis therapy with colchicine, pent-
oxifylline or dapsone can be considered for patients 
with few or no ulcer-free days to keep the disease in 
a remission state.11

RAS and dental implants 

Literature on the impact of RAS on dental implant suc-
cess is lacking. However, several factors should be consid-
ered in such cases. Placement of dental implants is often 
associated with increased anxiety and stress levels, which 
could trigger a  RAS episode in the first days post-sur-
gery.12 As sites with active oral ulcerations are more likely 
to have friable and less resilient soft tissues, it is advised to 
initiate RAS treatment before attempting to place a dental 
implant, with the aim of keeping the disease in a remis-
sion state. Careful tissue management during the surgery 
is also recommended to prevent dehiscence and delayed 
wound healing at ulcer sites.

Oral lichen planus

Overview 

Oral lichen planus is a common, chronic T-cell-mediated 
mucocutaneous disease that affects the oral cavity, skin and/
or genitalia.9,13,14 The estimated prevalence of OLP ranges 
from 0.22% to 5% worldwide. The condition is more preva-
lent in females and the age of onset ranges between 40 and 
80 years.13,15,16 The pathogenesis of OLP has been linked 
to the apoptosis of epithelial basal cells induced by CD8+ 
cytotoxic T-cells as a  result of  endogenous or exogenous 

Table 1. Clinical types of recurrent aphthous stomatitis (RAS)8,51

Characteristic
Type of RAS

minor major herpetiform complex

Prevalence 80–90% 10% 1–10% 1–5%

Size <1 cm >1 cm
multiple 2–3-mm aphthae  

that coalesce into a large one
3 mm or more, oral or genital aphthae

Shape oval ragged oval, crateriform oval
combination of all 3 forms  

(oval, ragged oval and crateriform)

Location non-keratinized mucosa non-keratinized mucosa any intra-oral site
depend on the RAS form present

Healing 4–14 days up to 6 weeks 10–14 days

Table 2. Common therapies used for the management of oral mucosal diseases

Treatment Dose/concentration Formulation Frequency Indication

Topical  
CS therapy

fluocinonide 0.05% gel

2–3 times daily

localized oral ulcers
clobetasol propionate 0.05% gel

dexamethasone 0.5% elixir

multiple oral sites involvedcompounded clobetasol 0.05% elixir

prednisolone 15 mg/5 mL syrup

Systemic  
CS therapy

prednisone
0.5–1 mg/kg/day tablets once daily moderate to severe OLP, VBDs, SLE

prednisolone

CS-sparing agents/
immunosuppressive 
agents

hydroxychloroquine 200 mg tablets twice daily maintenance therapy for OLP

azathioprine 1 mg/kg/day tablets once daily maintenance therapy for OLP, VBDs

mycophenolate mofetil 500 mg tablets 1–4 times daily maintenance therapy for OLP, VBDs

CS – corticosteroid; OLP – oral lichen planus; SLE – systemic lupus erythematosus; VBDs – vesiculobullous diseases.
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antigens.17 Common triggers include local and systemic 
inducers of cell-mediated hypersensitivity (such as a local 
reaction to dental restorative material or flavoring agents), 
stress, and microorganisms such as hepatitis C virus, which 
remain controversial among OLP experts.16 Clinically, OLP 
may present as a multifocal disease, often with symmetri-
cal distribution on the buccal mucosa, tongue, lips, gingiva, 
palate, and, rarely, the floor of the mouth.13 Several forms 
of OLP have been described in the literature, including re-
ticular, erythematous, erosive, papular, plaque, and bullous 
types (Fig. 2).14 The plaque form, in particular, may mimic 
other oral pathological conditions, including leukoplakia, 
which must be excluded by the treating dentist and biop-
sied if needed.18 Desquamative gingivitis is often an early 
sign of OLP in active disease and presents as desquamation 
(peeling) of the gingival margin with erythema and bleed-
ing on brushing.13 Patients with oral lichen planus may also 
experience discomfort, pain and sensitivity with acidic and 
spicy foods or drinks and/or a burning sensation in the oral 
cavity of varying severity. In addition to the oral cavity, OLP 
patients may report other body sites affected by the same 
process, such as skin, scalp and genitalia, presenting with 
purplish, scaly and itchy plaques.19 Diagnosis of OLP is usu-
ally given based on a combination of the patient’s reported 
history and clinical manifestations; however, a biopsy may 
be indicated for less classical presentations, suspicious for 
pre-malignant or malignant lesions.19

Management 

Oral lichen planus is a chronic disease with no approved 
cure to date. Patients with drug-induced lichenoid reac-
tions may benefit from switching to an alternative agent 
after consultation with their physician. Otherwise, the 
management of  OLP is typically tailored to address the 
symptoms reported by the patient. Education regarding 
the overall disease and its prognosis should be offered to 
asymptomatic patients. Patients with more symptomatic 
diseases need CS therapy as the first line of treatment in 
a  topical formulation, which requires multiple daily ap-
plications, such as clobetasol or fluocinonide. In clinical 
situations where multiple oral sites are involved, topical 
dexamethasone elixir can be prescribed. Similar to RAS, 
intralesional triamcinolone injections expedite the heal-
ing process of  single and large painful ulcerations. Sys-
temic CS therapy is a  viable and effective option with 
a rapid onset for achieving the remission in moderate to 
severe disease. Prednisone or prednisolone can be admin-
istered at a dose of 0.5–1 mg/kg/day. In most cases, OLP 
tends to have a favorable prognosis with less impact on the 
person’s quality of life. However, a small number of cases 
could progress to more severe forms or continue to be 
symptomatic for a longer period of time, requiring main-
tenance therapy.20 For these cases, steroid-sparing agents 
such as hydroxychloroquine, azathioprine and mycophe-
nolate mofetil are often considered.19,21 However, patients 
with more frequent episodes of  exacerbated symptoms 
during the year may be treated with topical agents, with 
or without short-term systemic CS therapy. 

OLP and dental implants 

As of today, there are no guidelines or recommendations 
for the management of OLP patients with dental implants. 
In general, OLP patients can undergo dental procedures 
with a low risk of complications.22 Yet, data on dental im-
plant placement in OLP patients and potential complica-
tions has been scarce. A  systematic review reported that 
patients with controlled OLP had a mean dental implant 
survival rate of  98.3%, with a  mean follow-up of  44.6 
months.2 However, a prospective study involving 55 dental 
implants placed in patients with active OLP showed that 42 
(76%) dental implants failed and were successfully replaced 
after controlling disease activity with systemic CS thera-
py.23 Moreover, the marginal bone loss of implants placed 
in active OLP patients was compared to that in controlled 
OLP patients on systemic CS therapy and healthy individ-
uals. During a 4-year follow-up, more bone loss was ob-
served in the active OLP group (2.53 ±0.44 mm) than in the 
controlled OLP group and healthy individuals (0.75 ±0.56 
mm and 0.79 ±0.73 mm, respectively).24 However, a retro-
spective study that included 66 short implants placed in 
patients with controlled OLP showed the reported success 
rate of 98.5%, with marginal bone loss of 0.96 mm mesially 

Fig. 2. Patient with reticular, erythematous and ulcerative forms of oral 
lichen planus (OLP) affecting buccal mucosa on both sides
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and 0.99 mm distally within a  mean follow-up period 
of 68 months.25 No significant differences were observed 
between the reticular and erosive forms of  OLP, and the 
study did not include a  control group.25 In a  prospective 
study comparing 18 patients with controlled erosive OLP 
to 18 healthy subjects who received dental implants, the 
implant survival rate was 100% in both groups; however, 
OLP patients with desquamative gingivitis had higher rates 
of  peri-implant mucositis and peri-implantitis.26 Studies 
indicate that OLP patients in remission are likely to have 
more predictable outcomes with dental implant treatment 
than those with uncontrolled disease. 

Vesiculobullous diseases

Overview 

Pemphigus vulgaris 

Pemphigus vulgaris is a rare mucocutaneous vesiculobul-
lous disease (VBD) and the most common subtype of the 
pemphigus group. It is an autoimmune condition charac-
terized by autoantibodies targeting desmoglein 1 and/or 
3, which results in loss of adhesion between keratinocytes 
and the suprabasal layer with blister formation.27 The es-
timated global prevalence of PV is approx. 0.1–0.5% and 
tends to be more common in certain ethnic groups, such 
as Ashkenazi Jews, Japanese and populations of Mediterra-
nean descent.28 It primarily affects adults with a female pre-
dilection, and the age of onset ranges from 50 to 60 years. 
In addition to the skin, PV can also affect the pharynx and 
the oral cavity. The condition is usually chronic and fre-
quently causes blisters, erosions and ulcers at the affected 
sites (Fig. 3).29 The oral cavity is often the first site to be 
affected, causing a  series of  examinations. These include 
a biopsy for hematoxylin and eosin (H&E) and direct im-
munofluorescence (DIF) examination in addition to serum 
testing using indirect immunofluorescence (IDIF) to make 
an accurate diagnosis followed by disease management. 

Mucous membrane pemphigoid 

Mucous membrane pemphigoid (MMP) is a VBD that 
predominantly affects body mucosal surfaces, resulting in 
the formation of subepithelial blisters.27 It typically affects 
the oral mucosa, conjunctiva, anogenital tissues, and up-
per aerodigestive tract with occasional skin involvement. 
The pathogenesis of  MMP is driven by autoantibodies 
targeting various autoantigens in the basement mem-
brane zone (BMZ), including collagen XVII (COL17, also 
known as BP180), BP230, laminin 332, integrin α6/β4, 
and collagen VII (COL7), which results in the separation 
between the epithelium and connective tissue.5 Mucous 
membrane pemphigoid has an  incidence rate of approx. 
5–7.5 cases per 10,000 adults, with a female predilection 

and an age range of 50–80 years.30 Clinical manifestations 
of MMP include painful blisters and erosions on muco-
sal surfaces and skin, often healing with scar formation 
(Fig. 4). Similar to PV, obtaining a biopsy for H&E and DIF 
examination is the gold standard for diagnosing MMP 
and facilitating treatment. 

Management 

Most VBD cases can achieve disease remission with 
proper treatment, based on affected sites. Longstanding, 
untreated disease may result in life-threatening events 
such as dehydration, infections and sepsis.31 The treat-
ment options available for both PV and MMP start with 
topical and systemic CS therapy to achieve disease remis-
sion. Systemic immunosuppressive treatments are recom-
mended for moderate to severe cases with multi-system 
involvement to control disease activity. For long-term 
maintenance purposes, patients are commonly treated 
with CS-sparing agents to reduce the total dose and du-
ration of  CS therapy while still controlling the patient’s 
symptoms. Several agents with evidence-based benefits 
are available and include mycophenolate mofetil, ritux-
imab and intravenous immunoglobulins (IVIG).30

Fig. 3. Patient with pemphigus vulgaris (PV) on the anterior maxillary 
alveolar ridge presenting as erythema with ulceration

Fig. 4. Oral erythema with large ulceration in the soft palate in a patient 
with mucous membrane pemphigoid (MMP)
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Vesiculobullous disease and dental implants 

Similar to other previously discussed mucosal diseases, 
few studies have evaluated the success of dental implants 
in patients with VBD. In active VBD, the presence of auto-
antibodies against hemidesmosomes, as part of the disease 
pathogenesis, may jeopardize the formation of the junc-
tional epithelium between the gingival epithelium and the 
implant surface.32 This can result in plaque and bacterial 
accumulation, increasing the risk of peri-implant muco-
sitis and implant failure. A  single case of  an edentulous 
female patient diagnosed with PV on low-dose systemic 
CS therapy who received 2 dental implants to support the 
denture was reported. The patient was followed up every 
6 months for 32 months and demonstrated 100% implant 
survival rate after at least 24 months.29 

Systemic lupus erythematosus

Overview 

Systemic lupus erythematosus is a chronic, autoimmune 
multi-system disease that affects the joints, tendons, kid-
neys, skin, blood vessels, and other organs such as the 
heart, lungs and brain, with a broad spectrum of clinical 
manifestations.30 The oral mucosa can be affected in 40% 
of SLE patients, with symptoms including desquamative 
gingivitis, erosions, xerostomia, and/or temporoman-
dibular joint symptoms such as edema and pain (Fig. 5). 
The incidence rate of SLE is estimated to range between 
0.3 and 23 cases per 100,000 individuals per year, with 
the disease most commonly affecting those aged from 16 
to 55 years.33 Systemic lupus erythematosus is 10 times 
more likely to affect women than men.30 The pathogen-
esis of SLE has been linked to B- and T-cell dysfunction 
with the production of antinuclear antibodies (ANA). 

 Diagnosis of SLE is often based on clinical character-
istics and detecting serological abnormalities, including 
elevated ANA, anti-Ro antibodies (Abs), anti-La Abs, 

anti-Smith Abs, anti-U1-ribonucleoprotein Abs, anti-
rheumatoid factor Abs, anti-dsDNA Abs, anti-cardiolipin 
Abs, lupus anticoagulant, and beta2-glycoprotein-I. In 
addition, the serum of SLE patients may show low C3 and 
C4, which helps reach the proper diagnosis.30 Other im-
aging modalities are indicated on a case-by-case basis to 
assess organ involvement. 

Management 

Similar to most autoimmune conditions, the main goal 
in managing SLE is to reach disease remission or low 
disease activity with no flares. In general, the treatment 
of SLE is customized based on the severity and number 
of  organs involved.  Patients with acute symptoms may 
require a short course of systemic CS therapy to achieve 
rapid disease remission.34 Hydroxychloroquine is com-
monly prescribed to stabilize SLE activity and reduce 
flares and other constitutional symptoms. In some cases, 
long-term use of low-dose systemic CS therapy is indicat-
ed. Several biological agents with promising efficacy are 
now available for the treatment of SLE, including ritux-
imab and belimumab.35 In the oral cavity, ancillary topical 
CS therapy is an effective tool to treat persistent or non-
responsive lesions.

SLE and dental implants 

As of  today, only a single case of  implant placement in 
a  patient with SLE treated with hydroxychloroquine 200 
mg/day and low-dose CS (4 mg/day) therapy has been 
reported in the literature. In this case, the placed implant 
survived for 2 years without complications.36 Other stud-
ies examined periodontal health in SLE patients. A cross-
sectional study found no differences in periodontal pa-
rameters between SLE patients and systemically healthy 
individuals.37 In addition, no significant correlation was 
found between SLE biomarkers and periodontal param-
eters assessing disease activity and prognosis. 

General considerations
Currently, there are no established guidelines for the 

management of  patients with oral mucosal diseases who 
are receiving dental implants (Table 3). Hence, most of the 
needed clinical decisions made in dental practice today are 
based on expert opinions. Therefore, to minimize potential 
dental and medical complications, several factors should 
be considered for this group of  patients when planning 
dental implant therapy. In general, asymptomatic patients 
with disease remission can be treated as healthy subjects 
without special precautions. For all other patients, compre-
hensive assessment and evaluation of related risk factors, 
in addition to medical consultations and careful handling 
of oral tissues, are crucial for successful treatment. 

Fig. 5. Patient with systemic lupus erythematosus (SLE) presenting with 
islands of reticulation and erythema in the mid and right hard palate
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Long-term use of several medications for oral mucosal 
diseases should be considered, as it may have a direct or 
indirect effect on the osseointegration and success of den-
tal implants. For instance, systemic CS therapy is used to 
treat VBD and SLE.11 There is no consensus on the di-
rect effect of CS therapy on the osseointegration of den-
tal implants.38 However, some studies have discussed the 
negative effect of CS therapy on osteoblasts via induction 
of  cellular apoptosis and reducing the number of  pre-
osteoblasts while promoting the differentiation of  bone 
marrow stromal cells to adipocytic lineage cells.38 In ad-
dition, CS has the potential to extend the life span of os-
teoclasts and promote bone resorption. On the contrary, 
a systematic review found no association between lower 
implant survival and systemic CS therapy.39 

Medication considerations and other risk factors should 
be discussed with the patient before treatment. In addi-
tion, potential complications must be explained in detail. 

Once all questions have been addressed, obtaining the 
patient’s consent to the procedure is the last step before 
initiating treatment and should be documented in medi-
cal records. In the next section, we will discuss specific 
considerations for pre- and post-dental implant surgery 
as well as the long-term maintenance phase and follow-
up (Table 4).

Before dental implant surgery 

Several points have to be considered for patients with 
oral mucosal diseases before dental implant surgery. First, 
a  complete medical history, including current medica-
tions and allergy history should be obtained in detail dur-
ing the consultation visit. It is recommended to obtain 
oral mucosal disease history and status and to discuss 
the proposed dental plan with the oral medicine special-
ist/oral pathologist of the patient. Consultation with the 

Table 3. Current literature on dental implant placement in patients with oral mucosal diseases

Oral mucosal 
disease Study Study type Patients,  

n Implants placed, n Mean age  
[years]

Mean follow-up 
 [months]

Implant survival rate 
(%)

OLP

Aboushelib and Elsafi 
201723 prospective 23 OLP

55 (uncontrolled 
disease)/42 (after 

controlling the disease 
activity with systemic 

CS therapy)

56.7 36

13 (uncontrolled 
disease)/100 (after 

controlling the disease 
activity with systemic 

CS therapy)

Khamis et al. 
201924 prospective 42 OLP/59 controls 59 56.7 48 100

Anitua et al. 
201825 retrospective 23 OLP 66 58 68 98.5

Hernández et al. 
201226 prospective 18 OLP/18 controls 56 OLP/62 controls 52.2 52.3 100

PV
Altin et al. 

201329 case report 1 2 70 32

implant survived with 
mean peri-implant 

bone resorption 
of 0.9 mm at follow-up

SLE
Ergun et al. 

201036 case report 1 6 49 24
success at 2 years 

of follow-up

PV – pemphigus vulgaris.

Table 4. General considerations regarding patients with oral mucosal diseases receiving dental implants

Treatment phase Considerations

Before implant placement

– if the patient is asymptomatic and in a remission stage, no specific intervention is needed;
– if oral lesions and/or ulcerations are present, initiate indicated treatment to achieve disease remission;
– consult with the treating physician for updated treatment regimen and considerations; 
– maintain good oral hygiene to avoid the risk of infection or exacerbation of oral mucosal disease; 
– implement a stress-reduction protocol;
– ensure gentle handling of soft tissue during dental surgery;
– initiate antibiotic therapy (e.g., amoxicillin, clindamycin) the day before or on the day of surgery

Postoperative phase

– prescribe systemic antibiotics, as indicated, or continue previously initiated antibiotic therapy; 
– antimicrobial, alcohol-free mouthwash (chlorhexidine 0.12% solution) twice daily until wound healing is complete; 

alternatively – Betadine 1%;
– effective pain control measures;
– continue to maintain good oral hygiene; 
– close and frequent follow-up;
– instruct the patient to avoid irritating food items, specifically for OLP and VBD patients

Long-term maintenance
– regular follow-up and maintenance visits;
– close monitoring of OLP patients for early detection of malignant transformation process
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treating physician is also recommended for a  complete 
understanding of  the patient’s medical status and active 
medications, as well as any necessary recommendations 
and precautions. It is also recommended that all patients 
receive dental prophylaxis for complete removal of accu-
mulated local deposits (i.e., plaque and calculus) as these 
can act as a trigger for disease activity in VBD.

In general, dental implants should be placed when the 
mucosal disease is in partial or complete remission (i.e., 
minimal or no mucosal ulceration, absence of signs of in-
flammation). This approach applies to all conditions in-
cluded in this report that have been demonstrated to 
improve dental implant outcomes.23 On a  case-by-case 
basis, antibiotic coverage may be considered for patients 
on long-term (>6 weeks) systemic CS therapy or immuno-
suppressive therapy who are prone to infection.40 Eligible 
patients usually begin antibiotic therapy (e.g., amoxicillin, 
clindamycin) the day before or on the day of surgery, con-
tinuing for 5–7 days during the initial healing phase. 

Adrenal suppression is another potential complication 
in patients on the long-term systemic CS therapy due to 
the increased stress and pain levels associated with dental 
procedures.41 Even with the reduced risk of adrenal crisis in 
dental clinics, the indication for perioperative CS therapy as 
a prophylaxis measure remains controversial.41 Few studies 
have suggested an increased risk of adrenal insufficiency for 
patients receiving more than 7.5 mg prednisolone/day or 
equivalent for more than 30 days, or more than 20 mg pred-
nisolone/day for more than 2 weeks.42 Other studies recom-
mended CS supplementation regimens based on the surgery 
type and anticipated stress.41 For instance, minor surgeries 
require 25–75 mg of hydrocortisone, while major surgeries 
given on the same day would require 100–150 mg of hydro-
cortisone. However, the World Workshop on Oral Medicine 
VI indicated insufficient evidence to support the use of sup-
plemental perioperative CS therapy for most dental proce-
dures performed under local anesthesia, except for the most 
stressful procedures, procedures performed under general 
anesthesia, patients with poor health, or patients on medica-
tions that metabolize cortisol or inhibit its synthesis.43 Con-
sultation with the treating physician on a case-by-case basis 
before the day of the surgery is recommended.

There is insufficient data on the impact of chronic hy-
droxychloroquine use on the success of dental implants. 
Hydroxychloroquine is an  antimalarial and immuno-
modulatory agent used in SLE and OLP. A meta-analysis 
reported no significant delay in healing time after implant 
placement in patients on long-term hydroxychloroquine 
for specific medical conditions. The same applies to other 
CS-sparing agents, including mycophenolate mofetil, aza-
thioprine, pentoxifylline, and dapsone. Therefore, no spe-
cific precautions are indicated for patients treated with 
one or more of these drugs.44

In addition to current medications, certain conditions 
may require further consideration. For instance, increased 
stress levels during implant placement may be a potential 

trigger for RAS. Therefore, the implementation of stress-
reduction protocols, including early morning appoint-
ments and pain-free procedures, could be of potential 
benefit. Other measures include pre-emptive analgesia 
and implant placement under nitrous oxide or oral se-
dation before the day of  the surgery using short-acting 
benzodiazepines (e.g., 0.5–1 mg diazepam or 0.125–0.25 
mg triazolam given 1 h before the procedure). These may 
benefit high-risk patients without medical contraindica-
tions.

Post-operative phase 

After the placement of  dental implants, patients are 
given specific post-operative instructions to reduce the 
risk of complications and facilitate healing. In the context 
of  oral mucosal diseases, additional instructions are re-
quired. For instance, patients with OLP and VBD should 
be advised to avoid potentially irritating food items (i.e., 
citrusy and spicy agents) during the initial healing phase. 
In addition to wound care and oral hygiene instructions, 
proper pain control is crucial to reduce post-surgical stress 
that may trigger an acute episode of RAS or reactivation 
of the dormant herpes simplex virus. The treating dentist 
should pay special attention to potential drug interactions 
of the prescribed pain medications with the patient’s cur-
rent medications. For example, hydroxychloroquine is 
a  known substrate for cytochrome P450 2D6 (CYP2D6), 
which is a liver enzyme involved in the body metabolism.45 
Therefore, hydroxychloroquine has the potential to un-
dermine the effectiveness of codeine and tramadol, which 
use the CYP2D6 pathway for activation of the prodrug, as 
well as increase serum levels of metoprolol in patients with 
heart disease.46 In addition, non-steroidal anti-inflamma-
tory drugs (NSAIDs) combined with prednisolone may in-
crease the risk of gastrointestinal tract (GI) bleeding and 
ulceration.47 Moreover, ibuprofen, together with pentoxi-
fylline, may also increase the risk of GI bleeding. Treatment 
with both ibuprofen and tacrolimus requires monitoring 
of renal functions in patients with compromised kidneys. 
Post-surgical prescription of amoxicillin also carries a risk 
for drug interactions as it has the potential to reduce the se-
rum levels of mycophenolate mofetil and increase metho-
trexate levels in the blood.

Antimicrobial therapy is critical to the success of dental 
implants,48 including systemic antibiotics prescribed for 
5–7 days during the initial healing phase. In addition, less 
irritating antimicrobial mouthwash should be prescribed, 
such as alcohol-free chlorhexidine (0.12%). Alternatively, 
Betadine 1% has similar antimicrobial effects to chlorhexi-
dine. Patients should be instructed to identify unusual 
symptoms following implant placement and to report them 
immediately in case an intervention or treatment is need-
ed. The symptoms may include a sudden increase in their 
pain level, acute or persistent edema, progressive gingival 
inflammation, and/or bleeding and implant mobility. 
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After surgical placement of  dental implants, prosthetic 
treatment should be considered carefully. Prosthetic compo-
nents that maintain minimal contact with the surrounding 
mucosal surfaces through proper pontic design should be 
used. In addition, careful handling of soft tissues with minimal 
trauma and the use of tissue-compatible materials are recom-
mended.25 The excessive use of potentially irritating materi-
als (e.g., retraction cords and acrylic materials for temporary 
restoration) may exacerbate the patient’s symptoms or trigger 
an inflammatory gingival response.49 Furthermore, the proce-
dure time for the surgical and prosthetic parts should be kept 
to a minimum to reduce the risk of edema and tissue irritation.

Long-term maintenance and follow-up 

Similar to healthy subjects, patients with oral muco-
sal diseases who receive dental implants require regular 
follow-up to ensure treatment success and early detection 
of complications. In addition, meticulous oral hygiene regi-
mens should be reinforced on a regular basis and may have 
to be conducted through scheduled office visits. Patients 
with OLP, in particular, should be followed up every 6–12 
months for early detection and management of suspicious 
lesions due to the risk of malignant transformation.20 Based 
on a recent report published by the World Health Organi-
zation (WHO), OLP has been classified as a pre-malignant 
disorder with a malignant transformation rate of 0.1–0.5%, 
which remains controversial.50 However, patients should be 
educated about this risk and the process of self-examina-
tion to facilitate the surveillance process. 

Conclusions
Oral mucosal diseases are common conditions with 

variable severity in the general population. Currently, 
there are no contraindications for the placement of dental 
implants in patients with oral mucosal diseases. However, 
there are no established guidelines on best practices and 
protocols to increase the success rate of dental implants 
in such cases with minimal complications. The current 
review provides dentists with insight into special consid-
erations for placing dental implants in patients with oral 
mucosal diseases.
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Abstract
Diet and eating habits significantly affect health and quality of  life. Various diets and food eliminations 
can lead to nutritional deficiencies and malnutrition. This article discusses the relationship between 
nutrition, nutritional deficiencies, and the condition of  the periodontium and oral mucosa. An  analysis 
of PubMed materials was conducted to assess the impact of nutrition on the condition of the oral mucosa 
and periodontium. We also considered dietary habits such as vegetarianism, the ketogenic diet, the Paleo 
diet, the Mediterranean diet, the Western diet, and intermittent fasting. Vitamin deficiencies, both water-
soluble and fat-soluble, as well as macro- and microelements, can manifest in the oral cavity, among 
others, as gingivitis and bleeding, recurrent aphthous stomatitis, enamel hypomineralization, cheilitis, 
angular cheilitis, halitosis, glossitis, lingual papillae atrophy, and stomatitis. Malnutrition does not 
cause periodontal disease, but it increases the risk of  its occurrence and accelerates disease progression. 
Inadequate nutrition, combined with other predisposing factors, may contribute to an increased risk of oral 
cancer and the development of leukoplakia.
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Introduction
Diet and eating habits significantly affect health and 

quality of  life. Various diets and food eliminations can 
cause nutritional deficiencies and malnutrition. There are 
many conditions that influence the health of the oral cav-
ity such as the diseases of  the teeth’s hard tissues, peri-
odontium and mucosa.1 This article will discuss the rela-
tionship between nutrition, nutritional deficiencies, and 
the condition of the periodontium and oral mucosa. It will 
take into consideration eating patterns such as vegetarian-
ism, the ketogenic diet, the Paleo diet, the Mediterranean 
diet, the Western diet, and intermittent fasting. This will 
enable the reader to better understand the topic of diet 
and nutrition in the context of oral health. 

Malnutrition can significantly affect oral health, and 
poor oral health, in turn, can result in malnutrition. A diet 
low in nutrients can lead to the progression of oral disease 
through altered tissue homeostasis, reduced resistance to 
microbial biofilm, and a decrease in tissue healing.2

The first signs of deficiency of some micronutrients, for 
example, the B vitamins, are seen in the mouth and in-
clude glossitis, cheilitis and angular stomatitis.1 Vitamins 
and minerals play an important role in the rapid cell turn-
over of the oral mucosa. Due to its unique anatomical en-
vironment, the oral cavity may manifest early signs of nu-
tritional disorders as well as other systemic diseases.3

There is a strong link between some systemic diseases 
and periodontitis; diet and nutrition can have an impact 
on a  patient’s condition.4 The primary causative agent 
of periodontal disease is the mixed bacterial colonization 
in the oral tissue.5 However, micronutrient and macronu-
trient deficiencies in the diet modify the course of peri-
odontitis. Higher levels of vitamins A, B and C, calcium, 
zinc, and polyphenols have been shown to prevent peri-
odontal disease.6 Furthermore, periodontal disease has 
been associated with non-alcoholic fatty liver disease 
(NAFLD) induced by a Western diet.2 Thus, following dif-
ferent diets and the associated deficiencies of  individual 
nutrients will have an impact on the progression of peri-
odontal disease.

Scientists have noted a significant influence of popular 
eating patterns on the condition of the oral mucosa. For 
example, the biggest concerns regarding the vegetarian 
diet are the iron deficiency of animal origin and the in-
hibitors found in some plants that can be ingested abun-
dantly. Some oral changes observed in vegetarians may 
indicate iron deficiency anemia and vitamin B12 deficien-
cy.1 However, another study suggests that the antioxidants 
found in fruits and vegetables can have a positive impact 
on periodontal health because they protect the oral tis-
sues from oxidative damage and modify the inflamma-
tion present in periodontal diseases such as periodonti-
tis.7 Other eating patterns, which are further described 
in this review, may also have a significant impact on the 
condition of the oral mucosa. Technological and cultural 

advances are changing people’s lifestyles and eating hab-
its, which can lead to the development of many diseases. 
Our study provides a comprehensive review of the latest 
research. This article is noteworthy and important from 
a public health perspective.

Objectives
This study aimed to illustrate the influence of many as-

pects of nutrition on the condition of the oral mucosa and 
periodontium.

The article lists considerations concerning general mal-
nutrition as well as nutritional deficiencies of  individual 
substances. Additionally, it outlines the beneficial effects 
of different substances on the oral mucosa. Current popu-
lar nutritional patterns have been analyzed for their good 
and bad effects on oral health.

Material and methods 
The conducted review focused on the search for mate-

rial on the impact of broadly understood nutrition on the 
condition of the oral cavity. 

The authors conducted a comprehensive review of the 
most current research in this field, identified relevant 
sources and gathered the available knowledge in one 
place. The inclusion criteria covered the broadly under-
stood diet, eating habits, and nutritional deficiencies and 
their implications for oral health. The preliminary search 
allowed for the selection of a set of keywords that seemed 
to be the most relevant and consistent with the topic of the 
review: diet, oral health, nutrition, oral mucosa, and peri-
odontal health. English-language articles available in the 
PubMed database and published in the last 20 years were 
selected. The PubMed database was considered the most 
appropriate database due to the possibility of  searching 
many scientific databases. The exclusion criteria were 
articles that did not take into account the correlation be-
tween dietary patterns, nutritional deficiencies and oral 
health. The studies meeting the inclusion criteria were 
analyzed in detail, and the main issues and conclusions 
were presented.

Influence of diet and nutritional 
deficiencies on the condition of the 
oral mucosa and periodontium

Oral and systemic homeostasis is closely related to diet, 
which means nutrition has both local and systemic effects 
on the human body. Local impact is understood as the 
influence of food on the tissues of the oral cavity, taking 
into account their composition and consistency as well as 
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frequency of eating.8 A balanced diet affects the growth 
and development of  the body tissues. Proper nutrition 
is vital for human growth and development. Nutritional 
imbalances during the period of active growth may cause 
severe developmental defects.9 The bones and soft tissues 
of the mouth respond quickly to nutritional deficiencies 
because they are constantly renewed, unlike the teeth, 
which are primarily affected by nutrition during their for-
mation.8

Symptoms of nutritional deficiencies may affect some 
or all tissues within the oral cavity, including the teeth, 
periodontium, salivary glands, mucous membranes, and 
the skin around the mouth.3 

On the other hand, an excess of certain nutrients, such 
as carbohydrates or food products with a  low pH level, 
can lead to the appearance of tooth cavities or non-car-
ious tooth defects.10 Food residues settle on the surface 
of the teeth, forming plaque. Plaque consists of bacteria 
that convert carbohydrates supplied by food into acids. 
A decrease in pH level below 5.5 results in demineraliza-
tion of  enamel hydroxyapatite crystals and proteolytic 
breakdown of the structure of tooth hard tissues. There-
fore, the more sugar we consume, the more substrate we 
provide to the bacteria present in the unremoved plaque.11 
Studies showed that fermentable carbohydrates, apart 
from free sugars, have an impact on dental caries, but the 
consumption of starchy staple foods and fresh fruits is as-
sociated with lower levels of dental caries.12 According to 
the American Heart Association, the American Academy 
of  Pediatrics and the World Health Organization, free 
sugar intake should be limited to less than 10% of the total 
energy intake for adults and children.13 Another issue that 
affects the formation of carious cavities is the frequency 
of sugar consumption and its consistency. Frequent con-
sumption of sticky products that are difficult to rinse out 
when swallowing saliva or drinking fluids as well as prod-
ucts containing carbohydrates provides the greatest risk 
for caries.10,14 Thus, it is very important to eat a certain 
number of meals per day and at regular intervals. Snacks 
and products rich in carbohydrates should be minimized 
in the diet.15 Moreover, the susceptibility to caries in the 
presence of  carbohydrates may be influenced by genet-
ics and micronutrients, such as vitamin D.16 Non-carious 
defects are of a non-bacterial origin, and their effects are 
irreversible.12 Their presence can be influenced by the 
composition of saliva, general diseases, mechanical stress, 
and nutrition.17 Regular consumption of acidic foods and 
beverages, occupational acid exposures, and drugs or dis-
eases that affect saliva flow rate all contribute to an  in-
creased risk of erosive dental hard tissue defects.18 Each 
type of acid has erosive potential. Solutions that are un-
dersaturated with respect to enamel tissues will dissolve 
it. For instance, beverages containing calcium-chelating 
acids, such as citrate, may cause erosion at higher pH lev-
els.19 Erosion is commonly associated with citrus fruits, 
juices, pickled cucumbers, vinegar, and energy drinks.20,21 

In the Western diet, soda, wine and citrus-based drinks 
are often consumed because they are refreshing. In the 
European culture, the consumption of  cheese and wine 
is a wise solution as cheese buffers the acidity of the wine 
and provides substrates for remineralization. The erosive 
potential of a diet depends on the frequency of acidic food 
consumption, acid strength and the buffering capacity 
of saliva.

The consistency and hardness of  consumed products 
may lead to the formation of  non-carious cavities. The 
mechanical loss of  mineralized tooth tissues can lead 
to abrasion or attrition. Attrition is associated with oc-
clusal surfaces, while abrasion is associated with buccal 
or lingual surfaces. Enamel can be worn away as a result 
of a hard diet. Plant products are rich in phytoliths, which 
are abrasive20; chewing abrasive substances such as tobac-
co can cause visible abrasion on the occlusal surfaces. It 
can also be caused by eating vegetables that have not been 
properly washed and still contain traces of  soil. Abra-
sive changes also occur as a result of  shelling sunflower 
seeds.21

The symptoms of nutritional deficiencies are often pri-
marily visible in the oral cavity due to the rapid exchange 
of mucosal cells and the presence of a bacterial biofilm. 
A  healthy epithelium undergoes cellular renewal every 
3–7  days and acts as an  effective barrier to toxins. Nu-
trient deficiency can lead to tissue breakdown, resulting 
in more frequent infections and the development of oral 
lesions.7 For example, vitamin B deficiencies manifest as 
the inflammation of  the tongue, lips and corners of  the 
mouth, and anemia manifests as generalized pallor, atro-
phic glossitis, angular cheilitis, and recurrent aphthous 
stomatitis (RAS).7,22 

Periodontal diseases are pathological conditions of the 
tissues that support the teeth. If left untreated, they can 
result in tooth loss, which will adversely affect chewing, 
food intake and nutritional status. Malnutrition does not 
cause periodontal disease, but it increases the risk of  its 
occurrence and contributes to faster disease progression. 
The condition of the periodontium is influenced not only 
by malnutrition of the body but also by the quantitative 
and qualitative composition of the diet.23 

Oxidative stress resulting from the advantage of  oxi-
dants over antioxidants is partly involved in the patho-
genesis of periodontal diseases. A component of  the in-
flammatory process is the production of reactive oxygen 
species (ROS) by immune cells stimulated by insufficient-
ly buffered pathogens, causing an  oxidative imbalance. 
Reactive oxygen species contribute to the damage of peri-
odontal cells and tissues at the molecular level, with a par-
ticular affinity for lipids.7,22,24 They  damage lipids by initi-
ating a chain of lipid peroxidation.

A diet high in refined carbohydrates and saturated fats 
is pro-inflammatory, while a  diet rich in polyunsaturat-
ed fats (e.g., fish oils) and antioxidants present in fruits, 
vegetables and nuts (e.g., cashews) is anti-inflammatory. 
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Consuming a pro-inflammatory diet can cause oxidative 
stress after a meal, which can lead to inflammation. This 
condition is known as meal-induced inflammation; it is 
also associated with a postprandial increase in glucose.7 
A 2020 study performed in 240 individuals found a cor-
relation between poor diets and deepening of periodon-
tal pockets in middle-aged adults. Healthy diets included 
white meat, fish, fruits, vegetables, cereals rich in fiber, 
such as rye, oats and barley, and those with a higher ra-
tio of  unsaturated fatty acids to saturated fatty acids. 
Negative components included sugar, salt, red meat, and 
alcohol.25,26 Research has shown that even the consump-
tion of highly glycemic foods may increase gingivitis and 
periodontitis.27 This phenomenon can be counteracted by 
adding fiber to the diet, which reduces the postprandial 
glucose spike.7

Woelber  et  al. demonstrated the effect of  an  anti-in-
flammatory diet on periodontal disease. The diet was 
based on eliminating processed carbohydrates (including 
sugar, honey, white flour, and white rice), reducing starch 
consumption, supplementing omega-3 fatty acids, and 
limiting the amount of trans and omega-6 fatty acids. The 
consumption of  industrial animal proteins (dairy prod-
ucts and meat) was also reduced; plant proteins and small 
amounts of  organic meat were favored. A  daily supply 
of vitamin C, vitamin D, antioxidants, fiber, and nitrate-
containing plants was provided. The study showed that 
the anti-inflammatory diet significantly reduced gingivitis 
to a clinically relevant extent.28,29

Antioxidants can help reduce the severity of the disease 
by scavenging free oxygen radicals and can counteract 
periodontitis associated with the presence of  ROS. The 
antioxidant micronutrients include vitamins A, C and E, 
glutathione, melatonin, and lycopene.7,24

Melatonin is secreted by various organs in the human 
body, and is derived from plants and grains. It is not clas-
sified as a  major nutrient but has been suggested to be 
more antioxidant than vitamin E. Studies have reported 
that the topical application of melatonin may complement 
periodontal treatment. The anti-ROS effect of melatonin 
reduces periodontitis and bone loss in diabetic animal 
models and, therefore, has the potential for the treatment 
of diabetic periodontitis.24 These reports require further 
investigation.

Lycopene is a red pigment present in tomatoes, carrots 
and watermelons. It has antioxidant properties. Some 
studies suggest that lycopene supplementation may im-
prove periodontal health; however, its mechanism of ac-
tion on periodontal tissues has not been established and 
warrants further research.24

Malnutrition and poor oral hygiene are important pre-
disposing factors for periodontal disease, including nec-
rotizing gingivitis.9 Dental plaque is considered the main 
etiological factor in the development and progression 
of periodontal diseases, and the increase in its volume is 
associated with high sucrose consumption. However, the 

maximum reduction of sugar in the diet does not limit the 
progression of  gingivitis, which proves that periodontal 
diseases are caused by multiple factors.23

Susceptibility to periodontal disease increases as a re-
sult of  vitamin C, folate and zinc deficiencies, as these 
nutrients increase the permeability of  the gingival fis-
sure barrier. Calcium, phosphates, vitamins A and E, and 
beta-carotene maintain the integrity of the gums and the 
proper functioning of  the immune system.8 Therefore, 
supplying the abovementioned ingredients in the diet has 
an impact on periodontal health. Protein–energy malnu-
trition (PEM) in early childhood is associated with the 
deterioration of the periodontal condition in adolescents; 
it affects the developing immune system, which reduces 
the individual’s ability to respond to periodontal patho-
gens.7,23

Studies have shown that a diet characterized by the con-
sumption of highly processed foods with low micronutri-
ent value promotes gingivitis and periodontitis. On the 
other hand, a plant-based diet rich in low-glycemic com-
plex carbohydrates (fruits, vegetables and legumes), ome-
ga-3 fatty acids, micronutrients, plant nitrates, and fiber 
not only is conducive to overall health but also positively 
affects the health of the periodontium and gums. The in-
flammatory potential of dietary proteins depends on their 
origin. Animal proteins are associated with increased lev-
els of insulin-resistant growth factor 1, which plays an im-
portant role in carcinogenesis. Plant-based proteins, on 
the other hand, appear to reduce the risk of cardiovascu-
lar disease, type 2 diabetes and kidney disease.27 This, in 
turn, may have implications for periodontal health. How-
ever, more research is needed to thoroughly investigate 
this issue.

Certain dietary probiotics are believed to contribute to 
the maintenance of periodontal health. There are several 
mechanisms that may explain the effects of  probiotics: 
production of  lactic acid that inhibits the proliferation 
of periodontal bacteria by penetrating the bacterial mem-
brane and acidifying the cytoplasm; production of hydro-
gen peroxide that inhibits the growth of pathogenic bac-
teria; modification of proteins at the point of attachment; 
and the production of vitamins and other substances.6 Pre-
biotics, which mostly include undigested fibers produced 
from complex carbohydrates, have a number of benefits 
for the body, including the reduction of  inflammation 
and the modulation of  appetite. There is no evidence 
of  an  effect of  prebiotics on periodontal disease. How-
ever, 2 prebiotics may be useful in promoting oral health-
related bacteria, namely methyl-beta-d-galactoside and 
N-acetyl-d-mannosamine. 

In addition to the described systemic effects of diet on 
periodontal health, there are several dietary antimicrobi-
als that may cause local effects. Examples of these com-
pounds include unsweetened green tea, cocoa, coffee, 
wine, ginger, garlic, curry, coriander, cinnamon, and oreg-
ano. Studies have shown both negative and positive ef-
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fects of some of these foods on periodontal disease.27 The 
study by Liu et al. found that 7 bacterial taxa, particularly 
Streptococcus sp., Ruminococcaceae sp., Haemophilus sp., 
Veillonella spp., Actinomyces odontolyticus, and Gemella 
haemolysans, underwent significant changes after oolong 
tea consumption. These studies suggest that a long-term 
consumption of  oolong tea may have an  impact on the 
oral flora and a negative impact on the condition of the 
periodontium.30

A healthier lifestyle, a proper body mass index (BMI), 
good oral hygiene, and regular visits to the dentist, as well 
as a  higher consumption of  antioxidant micronutrients, 
contribute to a good condition of the periodontium.7

Deficiencies in certain micronutrients can cause oral 
mucosal diseases. Their identification through early oral 
symptoms can prevent the development of  serious and 
irreversible systemic and neurological damage. Deficien-
cies in B vitamins, iron and folate are associated with 
RAS, glossitis, cheilitis, and angular cheilitis. Recurrent 
aphthous stomatitis is characterized by recurrent single 
or multiple painful ulcers confined to the oral mucosa 
(Table  1) (Fig.  1).9,23 Glossitis caused by a  deficiency 
of B vitamins may manifest as changes in the color, size 
and sensitivity of  the tongue, as well as changes in the 
papillae, such as enlargement, flattening and eventual 
loss if left untreated. The tongue may appear pale or ery-
thematous, ranging from shades of red to purple. Vesicles 
and ulcers may be visible, first at the apex, then covering 
the rest of the tongue. Patients may have problems with 
sensation of taste, burning and pain. Angular cheilitis is 
primarily associated with deficiencies in riboflavin, nia-
cin, pyridoxine, folic acid, cobalamin, protein, and iron. In 
the course of the disease, erythema, maceration, fissures, 
and furrows arranged radially around the corners of the 
mouth can be observed. Secondary bacterial and yeast 
infections are also common.3 All of the abovementioned 
oral mucosal diseases may cause difficulties in eating, 
which can aggravate the underlying malnutrition.

In the literature, one may encounter conflicting data 
on the relationship between retinol and beta-carotene 
and the incidence of oral lichen planus. Researchers have 
shown lower levels of vitamins E, C, D, and B12, zinc, cal-
cium, and folic acid in patients with oral lichen planus. 
The presented data suggests that an unhealthy diet may 
increase the risk of oral lichen planus.31 Oral lichen planus 
manifests in different forms affecting the gingival mucosa. 
Oral lichen planus may present as a desquamative gingivi-
tis or a vulvovaginal gingival lichen planus due to genital 
involvement.32 These forms are associated with periodon-
tal problems, while the effects of malnutrition and poor 
oral hygiene on periodontal status are well documented. 
Supplementation with folic acid is recommended for pa-
tients with folic acid deficiency and lesions in the oral 
cavity. Attention should also be paid to the relationship 
between vitamin A, C, B12, and folic acid deficiencies 
with the occurrence of  leukoplakia. Available data con-
firms that a diet rich in fruits and vegetables, especially 
tomatoes and tomato products, significantly reduces the 
risk of leukoplakia.9

Table 1. Effects of nutrient deficiency on the oral mucosa

Nutrient Effects of deficiency on the oral mucosa

Vitamin A gingivitis, gingival hypoplasia, proliferation of crevicular epithelium, alveolar bone resorption36,37

Vitamin D
painful erosions, ulcerations and aphthous ulcers in the oral cavity, damage to the secretory salivary glands that leads to xerostomia,8 

periodontitis37,38

Vitamin E none

Vitamin K submucosal and gingival bleeding, both spontaneously and after trauma, ecchymoses of the buccal mucosa and palate3

Vitamin C
gingival edema, friable and erythematous interdental papillae, poorly formed, soft, and often loose teeth, tiny hemorrhages on tips of the 

interdental papillae, aphthous-like lesions,3 xerostomia37

Vitamin B 
complex

lower resistance to bacterial insults, RAS, enamel hypomineralization, cheilosis, cheilitis, halitosis, gingivitis, glossitis, atrophy of the lingual 
papillae, stomatitis, rashes around the nose, dysphagia, pallor, stomatodynia, erosions in the mouth36,37 angular cheilitis, recurrent ulcerations, 

oral candidiasis1,47 

Calcium increased risk of periodontal diseases and tooth loss, increased severity of periodontitis3,36,40

Iron
RAS, atrophic glossitis, angular cheilitis, pallor of mucous membranes,1,9,23,47 higher gingival index, BOP, probing pocket depth,  

higher percentage of sites with a CAL ≥ 6 mm43 

RAS – recurrent aphthous stomatitis; BOP – bleeding on probing; CAL – clinical attachment loss.

Fig. 1. Erosion of the buccal mucosa within the oral cavity
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Protein–energy malnutrition causes significant chang-
es in the ecology of oral microbes, resulting in the pre-
dominance of  anaerobic pathogens, an  increased ten-
dency of bacteria to bind to the cells of the oral mucosa, 
weakened responses of  acute phase proteins, cytokine 
system dysfunction, and atrophy of  the salivary glands. 
Therefore, malnutrition may reduce the body’s ability 
to defend against oral infections and, consequently, lead 
to the development of  life-threatening diseases.7,33 Pro-
tein–energy malnutrition is associated with the exfolia-
tion of the mucosa. The gums are often affected by scurvy 
with hemorrhagic gingivitis, manifested by red swelling 
of the interdental papillae. Bleeding gums are also a com-
mon symptom of vitamin K deficiency.3

Oral cancer is caused by a complex interaction between 
genetic factors and environmental exposures. Poor diet 
combined with other predisposing factors may contribute 
to an increased risk of oral cancer. Certain foods, such as 
areca nuts and complex products containing them (betel 
and gutka), are significantly associated with the develop-
ment of oral cancer. Frying or baking protein-containing 
foods can generate heterocyclic amines, which are carci-
nogenic. The consumption of charcoal-based products is 
a significant risk factor. In addition, foods high in fat (pasta 
and cheese) and dishes cooked at high temperatures or in 
a microwave oven are significantly correlated with an in-
creased risk of oral cancer. In addition, the temperature 
of the food consumed is also important. The Diet, Nutri-
tion and the Prevention of Chronic Diseases report22 con-
cluded that there is convincing evidence linking hot food 
and drink consumption with the risk of  oral cancer. It 
should also be mentioned that poor diets combined with 
alcohol consumption and smoking significantly increase 
the risk of oral cancer. 

Some products have been reported to protect against oral 
cancer. These include green vegetables, carrots and cruci-
ferous vegetables. Daily consumption of fruits and vegeta-
bles can reduce the risk of oral cancer by 50%. Importantly, 
the greatest benefits of  these foods were observed when 
eaten raw. A special role should be assigned to citrus fruits. 
According to some studies, fruits are more beneficial than 
vegetables. Inadequate consumption of  these products, 
poor eating habits and an unhealthy lifestyle can cause oxi-
dative damage that induces the process of carcinogenesis 
by the DNA strand damage mechanism. For prevention, 
a  daily diet should include antioxidants such as vitamins 
A, C, E, beta-carotene, lycopene, and selenium. In addi-
tion, the proper supply of dietary fiber plays an important 
role in reducing the risk of oral cancer by protecting the 
body from oxidative stress.8,9,22 It is also worth to consider 
the treatment of  oral cancer with the natural product – 
propolis. Propolis consists of  flavonoids, phenolic acids, 
vitamins, and minerals. It is used in many dental specialties 
due to its antibacterial, antifungal, antiviral, anti-inflamma-
tory, antioxidant, and anticancer properties. What is more, 
100% of  its natural polymers, such as cellulose, proteins 

and nucleic acids, are produced by living organisms and 
can be used in the treatment of periodontitis, oral mucosal 
diseases and oral cancer therapy, among others.34,35

Relationship of vitamin 
deficiencies and micro- and 
macroelements with diseases 
of the mucosa and periodontium

Vitamin A 

Vitamin A plays an important role in the maintenance 
of the epithelium; its deficiency may cause gingivitis, gin-
gival hypoplasia, proliferation of  the crevicular epitheli-
um, and alveolar bone resorption (Table 1).36,37

Vitamin D 

Preclinical and clinical studies confirmed that vitamin 
D, through its metabolic pathways, may participate in the 
pathogenesis of  periodontitis by influencing the mineral 
density of the teeth, and is inversely correlated with the se-
verity of periodontal disease. Its main function is to regulate 
the calcium and phosphorus balance, which promotes the 
growth of bony tissue.38 Vitamin D has visible tuning, anti-
inflammatory and mineralizing effects on the periodon-
tium, and can reduce the number of viable Porphyromonas 
gingivalis through active autophagy.37,39 Vitamin D may also 
affect the periodontal immune response by reducing the 
expression of  interleukin (IL)-8 and IL-6.37 There is a  sci-
entifically confirmed correlation between vitamin D levels 
and RAS, Behçet’s disease, PFAPA (periodic fever, aphthous 
stomatitis, pharyngitis, and cervical adenitis), Sjögren’s syn-
drome, periodontitis, and oral squamous cell carcinoma 
(OSCC).38 Recurrent aphthous stomatitis is characterized by 
the presence of painful erosions and ulcers in the oral cavity 
(Table 1). Their size varies from 1 cm to a few centimeters 
in diameter. There are 3 categories of RAS, depending on 
their size. Vitamin D has an important role in modifying the 
course of  the disease. Behçet’s disease is an  immune-me-
diated condition whose symptoms include oral and genital 
ulcerations, arthritis, uveitis, retinal vasculitis, neurologi-
cal disturbances, sporadic deep vein thromboses, erythema 
nodosum, and gastrointestinal inflammation. Patients with 
Behçet’s disease have lower vitamin D levels than healthy in-
dividuals.38 PFAPA is characterized by the presence of aph-
thous ulcers in the oral cavity, episodes of fever, pharyngi-
tis, and cervical lymphadenopathy (Table 1). Vitamin D is 
an important modifier of PFAPA. Studies have shown that 
the supplementation of vitamin D during the winter season 
reduced the number and duration of fever episodes in pa-
tients with PFAPA.38 Sjögren’s syndrome is an autoimmune 
condition that can be modified by vitamin D. It is character-
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ized by damage to the secretory salivary glands, leading to 
xerostomia, tear secretion dysfunction, conjunctivitis, and 
keratitis (Table 1).38 Clinical studies have shown a significant 
relationship between the endocrine activity of vitamin D and 
periodontitis, confirming the role of vitamin D as a modifier 
of the immune response in the periodontium (Table 1).37,38 
Patients with generalized aggressive periodontitis, an  ear-
ly form of  the disease with marked familial aggregation, 
showed significantly elevated plasma levels of  vitamin D 
binding protein, which suggest an  association between D 
binding protein and specific genotypes of generalized aggres-
sive periodontitis.37 The experiments have shown the ability 
of 1,25(OH)-D2 (active vitamin D metabolite) to inhibit the 
monocyte production of pro-inflammatory cytokines IL-1B 
and tumor necrosis factor alpha (TNF-α), both of which play 
significant roles in the pathogenesis of periodontitis by im-
pairing wound healing and inducing bone resorption. Stud-
ies showed a correlation between vitamin D deficiency and 
the risk of oral candidiasis in human immunodeficiency vi-
rus (HIV)-positive patients.38 This is due to the role of vita-
min D in the human immune response.37–39 Additionally, ad-
equate vitamin D levels are reported as an anticancerogenic 
factor. Studies showed that low levels of vitamin D serum 
may increase the incidence of cancer and mortality in men, 
specifically alimentary system cancers, such as OSCC.38

Vitamin E 

Vitamin E is a membrane antioxidant. It is essential for 
the heart’s health and cell wall protection. Vitamin E is 
reported to maintain the gingival health and the integ-
rity of the immune system.8 It has no oral manifestations 
of deficiency.3

Vitamin K 

The typical oral manifestations of vitamin K deficiency 
are submucosal and gingival bleeding, both spontaneous-
ly and after trauma, and ecchymoses of the buccal mucosa 
and palate (Table 1).3

Vitamin C 

The relationship between vitamin C and periodon-
tal disease may be due to vitamin C’s role in maintain-
ing and repairing healthy connective tissue along with 
its antioxidant properties. Vitamin C deficiency-related 
scurvy, manifested in the oral cavity by gingival edema, 
friable and erythematous interdental papillae, and poorly 
formed, soft and often loose teeth (Table  1), is strongly 
associated with periodontitis.36 Interestingly, these find-
ings are not present in edentulous patients. Periodontal 
disease is more common in individuals with a low dietary 
intake of  vitamin C. Scorbutic gingivitis, manifested by 
tiny hemorrhages at the tips of  the interdental papillae, 
may be accompanied by aphthous-like lesions (Table 1).3 

In bone, due to the inability of osteoblasts to form osteoid, 
there is an increase in oxidative stress and susceptibility to 
infections caused by the alteration of the oral-periodontal 
ecosystem. In addition to periodontal changes, vitamin C 
deficiency can also cause xerostomia (Table 1).37 

Vitamin B complex 

Vitamin B complex deficiency is associated with lower 
resistance to bacterial insults, RAS, enamel hypominer-
alization, cheilosis, cheilitis, halitosis, gingivitis, glossitis, 
atrophy of the lingual papillae, stomatitis, rashes around 
the nose, dysphagia, and pallor of  mucous membranes  
(Table  1).36,37 Current research indicates that low levels 
of  folic acid are associated with the periodontal tissue’s 
reduced ability to act against bacterial irritants. Vitamin 
B12 deficiency can be manifested by stomatodynia, glos-
sitis and erosions in the mouth (Table 1).36

Macro- and microelements 

Macro- and microelements, such as fluorine, alumi-
num, molybdenum, cobalt, sodium, potassium, phospho-
rus, and chlorine significantly affect the incidence of den-
tal caries and have an  influence on bone structure, but 
their impact on the oral mucosa will not be discussed in 
the following sections.40–42

Calcium 

Calcium deficiency is associated with an increased risk 
of periodontal diseases and tooth loss (Table 1). Calcium 
absorption is dependent on adequate vitamin D levels, 
and patients with low calcium levels may have the same 
oral signs of enamel pitting and hypoplasia as those with 
vitamin D deficiency.36 There is an  inverse relationship 
between calcium intake and the severity of periodontitis. 
Unfortunately, increasing calcium intake does not lead to 
an increase in salivary calcium levels, which are beneficial 
in preventing dental caries and periodontitis.40

Iron 

Iron deficiency anemia is the most prevalent nutritional 
deficiency in the world. It is associated with an increase in 
oxidative stress resulting from hypoxia in the body’s tis-
sues. Studies show that patients with chronic periodontal 
disease and accompanying iron deficiency anemia exhib-
ited higher levels of gingival index, bleeding on probing 
(BOP), probing pocket depth, and a  higher percentage 
of sites with a clinical attachment loss (CAL) ≥6 mm than 
patients with chronic periodontal disease without iron 
deficiency anemia.43

A summary of  the effects of  nutrient deficiencies on 
the oral mucosa and periodontal diseases is presented in 
Table 1.
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Nutrition and systemic diseases 
involving the oral cavity

Oral health is closely related to diet, including nutri-
tional influences on craniofacial development, oral infec-
tious diseases and oral cancer. However, the most signifi-
cant effect of nutrition on the teeth is caused by its local 
action, resulting in the development of dental caries and 
enamel erosion. The problem of dental erosion is increas-
ing and is associated with dietary acids, a  major source 
of which is soft drinks.33 Dental erosion, tooth hypersen-
sitivity, dental caries, and oral mucosa alterations can be 
the oral manifestations of  eating disorders, such as an-
orexia nervosa and bulimia nervosa.

The associations between oral health conditions, nutri-
tional status, dietary practices, and general health status 
are complex and involve many interrelated factors.23 Den-
tal diseases have a considerable impact on self-esteem and 
the quality of patients’ lives.33 High-protein and high-car-
bohydrate diets have a big influence on oral halitosis. Oral 
halitosis is a common condition that causes persistent bad 
breath and affects approx. 25–30% of the global popula-
tion.44 Lichen planus is a chronic inflammatory skin dis-
ease involving the mucous membranes of the oral cavity. 
A study conducted by Di Stasio et al. showed that patients 
suffering from oral lichen planus presented with symp-
toms of depression, anxiety and distress.45 The relation-
ship between mental disorders and eating habits is well 
known. Diet, the consumption of  high-calorie and pro-
cessed foods, and changes in people’s lifestyles are con-
sidered risk factors for the development of many diseases, 
including psychiatric disorders. Compounds such as vi-
tamin D, vitamin B complex (including folic acid), zinc, 
and magnesium, have a positive effect on mental health.46

The influence of popular eating 
patterns on the condition  
of the mucosa

Ketogenic diet 

The ketogenic diet involves a high intake of fat, a mod-
erate intake of protein, and a low intake of carbohydrates. 
The maximum carbohydrate intake is 50 g per day, which 
puts the body in a state of physiological ketosis.7,47,48 The 
ingested fats break down into ketones, which are used as 
an energy source. By burning ketones, ketone bodies are 
formed, which are excreted through exhalation and urine. 
This leads to xerostomia and a characteristic breath with 
a  fruity or acetone odor. The breakdown of  proteins, 
which produces ammonia, also leads to bad breath.47,49 
Large amounts of  consumed carbohydrates contribute 

not only to the formation of dental caries but also to peri-
odontitis due to the stimulation of the accumulated dental 
plaque. The use of the ketogenic diet reduces the severity 
of  these conditions. A significant reduction in BOP was 
observed in the individuals who adhered to the ketogenic 
diet, even in the absence of oral hygiene for 4 weeks.49 The 
implementation of a ketogenic diet largely eliminates the 
formation of carious lesions, which is particularly impor-
tant in patients receiving radiotherapy or immunothera-
py, as they often suffer from xerostomia. The ketogenic 
diet causes a decrease in the BMI index, which is impor-
tant because being overweight promotes the development 
of periodontal diseases.22,47–49

Paleo diet 

The Paleo diet involves eating substantial amounts 
of  nutrient-rich foods such as vegetables, fruits, lean 
meats, and seafood, and eliminating inflammatory foods 
such as grains, dairy, refined sugars, refined oils, and pro-
cessed foods.4,22,47 Due to the small amount of carbohy-
drates consumed, the severity of the appearance of cari-
ous lesions is reduced. Fruits and vegetables are the main 
sources of  carbohydrates in this diet.6,23 Eating starchy 
vegetables that are rich in vitamin A  helps to keep the 
lining of  the mouth healthy, and the vitamin C present 
in fruits and vegetables helps heal wounds and prevent 
infections.39 Folic acid, which supports the growth and re-
pair of cells, is also present in fruits and vegetables. Since 
this diet is rich in fruits and vegetables, it contains a lot 
of antioxidants that reduce the risk of mouth and throat 
cancer.23,47

Vegetarian diet 

A diet that excludes meat and meat products and is 
mainly based on foods of plant origin is called a vegetar-
ian diet. There are several types of vegetarian diets: vegan, 
raw vegan, pesco-vegetarian, ovo-vegetarian, flexitarian, 
lacto-vegetarian, and lacto-ovo-vegetarian diets. A  veg-
etarian diet can contribute to a lack of various nutrients, 
such as protein, which can negatively affect the health 
of  the body and mouth. Therefore, a  vegetarian diet 
should be rich in whole grains, seeds, nuts, and soy, which 
are high in protein.1,47,50,51

According to the Academy of  General Dentistry, pa-
tients on a vegetarian diet may suffer from vitamin and 
element deficiencies. These deficiencies manifest in the 
oral cavity in the form of glossitis, angular cheilitis, taste 
alterations, and glossodynia. Vitamin B12 deficiency 
manifests itself as glossitis, angular cheilitis, recurrent ul-
cerations, and oral candidiasis. Iron deficiency can cause 
atrophic glossitis, pallor of mucous membranes, and an-
gular cheilitis (Table 1). The effects of a zinc deficiency in 
the oral cavity include an increased number of flattened 
filamentous cells and warts, ulcers, and xerostomia.1,47
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Studies indicate that the saliva of individuals following 
the vegetarian diet is less able to form a barrier to free rad-
icals and pollutants than that of non-vegetarians. A plant-
based diet is rich in antioxidants and has a  positive ef-
fect on the condition of the periodontium. It protects the 
teeth from oxidative damage and alters the inflammatory 
response in periodontitis.47 Studies show that vegetarians 
have good overall oral health.50

Intermittent fasting 

Intermittent fasting involves eating only during a cer-
tain period of the day. It consists of abstaining from eat-
ing for a certain number of hours. For example, fasting at 
16:8 means a 16-hour fasting period and an 8-hour eating 
period during which food can be consumed. There are no 
restrictions regarding food choices and carbohydrate in-
take.47

Fasting increases gluconeogenesis and levels of  hor-
mones such as human growth hormone and ghrelin. 
Limiting the eating period to 8 h a day contributes to the 
shortening of the bowel, in which the saliva pH drops to 
an acidic level. The reduction in chewing time may result 
in decreased salivation, a greater risk of xerostomia and 
caries, and gingivitis. Intermittent fasting inhibits inflam-
mation and reduces the production of free radicals, which 
is beneficial in combating periodontitis.52 Thus, patient 
education should include hygiene instructions and xero-
stomia prevention.47

Western diet 

Diet, physical inactivity, sedentary lifestyle, and obesity 
(a consequence of an unhealthy lifestyle) are, after smok-
ing, the main risk factors for the onset of cancer. It is esti-
mated that changes in alimentary habits can decrease the 
likelihood of cancer onset by 30–50%.48,53 Generally, oral 
cancer is a growing global problem, and it is not unified.54 
The incidence of head and neck cancers – oral cavity tu-
mors, pharyngeal cancers – registered a global incidence 
of  5.2% in 2018. The 5-year survival rate is 40–50%.55 
Alcohol consumption and papillomavirus infections 
also play a  crucial role in carcinogenesis. Epidemiologi-
cal studies underline a protective effect of a high intake 
of fruits and vegetables, especially in the case of oral cavity 
cancer.56 The prevalence of the fast food culture in devel-
oped countries and its effects on the Western diet, which 
is low in fiber and rich in sugar and processed foods, are 
tightly linked to a loss of microbial diversity and dysbiosis. 
The Western diet is also closely associated with a high risk 
of obesity and cardiovascular disease.48

Mediterranean diet 

The traditional Mediterranean diet is characterized by 
a  high intake of  vegetables, legumes, fresh fruits, non-

refined cereals, nuts, and olive oil, obtained through me-
chanical pressing and having an  acidity rate lower than 
0.8%. It involves a  moderate consumption of  fish and 
dairy, a low consumption of red meat, and a moderate use 
of ethanol (mainly red wine), consumed during the main 
meals. The Mediterranean diet is considered an effective 
and manageable method to fight cancer occurrence owing 
to its protective effects in reducing oxidative and inflam-
matory processes in cells and avoiding DNA damage, cell 
proliferation, inflammations, angiogenesis, and metasta-
sis.57 Regular consumption of olive oil may have a protec-
tive effect against periodontitis, although the temporal 
association needs to be further examined.58 Many studies 
have demonstrated a  strong and antagonist relationship 
between some chronic diseases and a high adherence to 
the Mediterranean diet.57

Conclusions
Nutrition has a  significant impact on the human 

health and well-being, including oral health. Nutrition-
al deficiencies may affect not only the teeth but also the 
periodontium and oral mucosa. It is essential for den-
tists and dental hygienists to have knowledge of symp-
toms associated with a  particular nutrient deficiency 
as they are often the first to diagnose them. We hope 
that this article will help dental professionals detect nu-
tritional deficiencies earlier and more efficiently. This 
may lead to prompt and effective treatment as well as 
may help in preventing long-term deficiencies and their 
complications. This article is a source of knowledge not 
only for medical professionals but also for non-medical 
people. It is very important for individuals to have prac-
tical knowledge about their health and the importance 
of the chosen diet. The included information can help 
medical professionals take care of their own and their 
patients’ well-being as well as look more consciously at 
their own diet and notice possible dietary mistakes that 
can result in unpleasant consequences, for example, 
those that appear in the oral cavity. The described ef-
fects of deficiencies on the oral cavity may be the first 
sign of nutritional deficiencies that require immediate 
treatment.
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Abstract
This paper presents the major achievements in the field of biomaterials in restorative dentistry and tissue 
regeneration reported over the past 3 years. The review aims to summarize the knowledge on important 
biomaterials and the emerging modification strategies to improve their biointegration, biological 
activity, mechanical properties, and resistance to the harsh oral environment. We also discuss the main 
opportunities and challenges associated with the use of biomaterials in dentistry.

Much contemporary research focuses on the interactions between biomaterials and the surrounding 
tissues in the oral environment regarding adhesion, associated stresses and strains, and the durability 
of dental restoration materials. Dental biomaterials should support cell adhesion and activity, leading to 
dental tissue regeneration, and are also expected to effectively prevent bacterial infections and inhibit 
material corrosion in saliva. The degradation, dissolution or corrosion of  restorative materials due to 
exposure to body fluids can alter the structure and mechanical properties of the material, causing various 
adverse effects.

Another aspect addressed in recent literature is the improvement of the mechanical properties and esthetics 
of restorative materials. The surfaces of biomaterials are usually modified with polymers or nanomaterials  
to reduce friction while maintaining biocompatibility.

Although all modern biomaterials are promising, there is an  urgent need for more in vivo and clinical 
studies to investigate their biological advantages and disadvantages in detail. The computational 
techniques used to assess the properties of modern dental materials, particularly the mechanical ones, 
could assist in the development of the materials. Such an approach can help bring new biomaterials to the 
market by reducing complicated, tedious and expensive experimentation.

Keywords: biomaterials, orthodontics, restorative dentistry, prosthodontics, periodontology
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Introduction
Only a  few commercially available dental biomaterials 

have passed all biocompatibility screening assays, thus 
confirming their low toxicity and patient health protec-
tion.1,2 Most dental materials have been approved based 
on the grandfathering process, which allows for sale 
without prior toxicity tests if a biomaterial is character-
ized by a similar chemical composition, sterilization pro-
cedure, production procedure, and the same dose of ac-
tive substances as compared to the marketed products.3 
Since May 2021, the European Union (EU) have been 
implementing a new regulation for marketing and using 
medical devices,4 Regulation (EU) 2017/745 or the Medi-
cal Device Regulation (MDR), which replaces the former 
Medical Device Directive (MDD) 93/42/EEC.5 The new 
regulation will substantially impact those involved in 
manufacturing, distributing and using medical devices, 
as it requires the entire lifecycle of  a  medical device to 
be represented by a comprehensive set of dental product 
data, including clinical outcomes.4–6

Biocompatibility is vital for all treatment strategies and 
refers to the ability of the material to function in the oral 
environment without causing local or systemic harm, es-
sentially meaning the interaction between the material 
and the host must be harmonious. Generally, adverse re-
actions in patients can be classified as local or systemic. 
The first category concerns a direct interaction with the 
oral mucosa and pulp, which may cause mucosal irritation 
or oral lichenoid reactions, while systemic adverse reac-
tions (mainly hypersensitivity and anaphylactic shock) 
relate to the overreaction of the immune system.7 Inter-
estingly, after many years of  exposure to dental materi-
als, patients and dental staff experience various adverse 
reactions, from cracking or flaking skin, swelling and ir-
ritation to peripheral neuropathy.8 Hence, an  objective 
assessment of dental material biocompatibility is crucial 
for ensuring patient safety and successful treatment. Ad-
ditionally, it is equally important to emphasize that proac-
tive diagnostics and material selection can substantially 
decrease the likelihood of complications and the need for 
follow-up treatment.

The most commonly used dental biomaterials are re-
storative materials applied to fill tooth cavities or treat 
dental caries, and materials for hard and soft tissue repair. 
The former group includes resin composites, titanium 
(Ti) and zirconium (Zr) alloys, polymers, ceramics, cast-
ing investments, and impression materials. The latter cat-
egory comprises biomaterials that may serve as scaffolds 
for cell adhesion and proliferation, as well as carriers in 
drug delivery systems to treat fractures, and for temporo-
mandibular joint reconstruction, dentin/enamel recon-
struction, periodontal ligament (PDL) replacement, and 
the pre-osseointegration of dental implants.9,10 Examples 
of  the applications of  dental materials are presented in 
Fig. 1.

Despite the wide availability of  dental biomaterials, 
no material has ideal properties. The selection of  bio-
compatible materials depends on several factors, such as 
their mechanical and biological characteristics, stability 
in the oral environment (including corrosion in saliva), 
functionality, the final cost, and esthetics. Furthermore, 
biomaterials are expected to be multifunctional, bio-
logically active, and offer combined features, as in the 
case of composite dental fillings that exhibit antibacte-
rial and remineralization effects.11,12 Dental biomateri-
als have evolved extensively over the last 10 years, with 
their functionality being progressively improved. How-
ever, there is a  vast space for further investigations on 
the longevity of biomaterials, their wear behavior in the 
changing environment of the oral cavity, their bioactive 
potential, and the enhancement of their biological, opti-
cal and mechanical properties.

The repair and regeneration of  injured hard and soft 
tissues remains challenging. There have been many at-
tempts to favor the regrowth process of  different soft 
tissues with advanced dental materials. However, these 
approaches could not re-establish the complex structure–
function interactions with other tissues, and additional 
studies are required.13–15 In the case of hard tissues, the 
primary problem is polymerization shrinkage at the com-
posite–tooth interface, which usually leads to micro-leak-
age and secondary caries.16–20 Thus, improving the pro-
longed release of active components from various dental 
restorative materials, taking into account their wear in the 
oral environment, remains a significant challenge in den-
tistry.21–23

This review presents the major achievements in the 
field of biomaterials reported over the past 3 years (Fig. 2), 
and aims to summarize the emerging modification strate-
gies to improve the biointegration, biological activity and 
mechanical properties of  the materials, as well as their 
resistance to the oral environment. We also discuss the 
main opportunities and challenges associated with the 
use of biomaterials in dentistry.

Fig. 1. Various applications of biomaterials in dentistry

PDL – periodontal ligament; DPSCs – dental pulp stem cells; 
PDLSCs – periodontal ligament stem cells; BMSCs – bone marrow 
stem cells; ESCs – embryonic stem cells.
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Examples of the most important reports on biomaterials 
published over the past 3 years are presented in Table 1 
and discussed in the relevant sections.

Methods
The PubMed, Scopus and Google Scholar search en-

gines were used in the bibliometric analysis, using a com-
bination of the following keywords: ‘dental material’ with 
‘biocompatibility’, ‘tissue regeneration’, ‘restorative den-
tistry’, ‘orthodontics’, prosthodontics, ‘Ti’, ‘polyetherether-
ketone’ (PEEK), ‘bioactive glass’ (BG), ‘resin’, ‘ceramic’, 
‘implant’, ‘polymethyl methacrylate’ (PMMA), ‘in vivo’, ‘in 
vitro’, ‘clinical studies’, ‘simulation’, and ‘deep learning’.

The exclusion criteria were manuscripts written in a lan-
guage other than English, those not available, and articles 
published before 2020 (with a  few exceptions of articles 
essential to the development of the techniques described). 
At the same time, to ensure originality and accuracy, the 
search focused on research papers and excluded review 
articles. As a result, articles with titles containing words 
such as ‘review’, ‘meta-analysis’ or ‘overview’ were not 
included, with few exceptions. Additionally, we added 
a description of the method used for conducting the sys-
tematic literature review in the supplementary materials 
(available on request from the corresponding author).

Biomaterials for soft and hard 
tissue regeneration

Over the past 3 years, there has been a significant in-
crease in research related to dental biomaterials for tissue 
regeneration and reconstruction as compared to other 
restorative materials.24 Dental tissue engineering allows 

the replacement of  missing teeth with bioengineered 
products and the regeneration of damaged dental tissues 
with the use of dental stem cells.25 Appropriate stem cells 
are seeded on the surfaces of  biomaterials (bioscaffold 
surfaces), which stimulate them to create a biocomplex. 
Various mesenchymal stem cells are found in the tooth, 
such as dental pulp stem cells (DPSCs), periodontal liga-
ment stem cells (PDLSCs), dental follicle stem cells (DF-
SCs), and stem cells from the dental apical papilla or the 
exfoliated deciduous teeth. However, the first 2 cell lines 
are recognized as the most powerful in dental tissue en-
gineering.25–27 Biomaterials for scaffolds are designed to 
facilitate cell proliferation, differentiation, adhesion, and 
migration. Additionally, scaffolds loaded with appropriate 
growth factors or biomolecules can mimic tissue-specific 
micro-environments, and regulate the cell–matrix inter-
actions, angiogenesis and the formation of  the extracel-
lular matrix (ECM).28

Various polymers (natural and synthetic) are suit-
able bioscaffolds for the proliferation and differentiation 
of dental stem cells.29 Natural scaffolds are usually made 
of polysaccharides, such as alginate, hyaluronic acid and 
its derivatives, or chitosan, and are endowed with vari-
ous proteins, including collagen, fibrin and silk. Natural 
scaffolds exhibit excellent biocompatibility and degrade 
faster than synthetic polymers, without releasing toxic 
components. However, their mechanical properties are 
much worse as compared to synthetic bioscaffolds.30 On 
the other hand, synthetic bioscaffolds, such as poly(e-cap-
rolactone) (PCL), polylactic acid (PLA) and polyethylene 
glycol (PEG), display better physicochemical properties, 
but degrade much slower and have lower biocompat-
ibility. Synthetic polymers are often enriched with vari-
ous bioactive compounds, such as nano-hydroxyapatite 
(nHA), nanofluoroapatite or BG, to reduce their cytotox-
icity or add new features.31–36

Fig. 2. Various materials used in dentistry

HA – hydroxyapatite; PCL – poly(e-caprolactone); PLLA – polylactic(L-lactic) acid; PMMA – polymethyl methacrylate; Ti – titanium; PEEK – polyetheretherketone; 
BG – bioactive glass; Zr – zirconium.
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Table 1. Biomaterials in dentistry reported during the last 3 years

Area Biomaterials Functionality/results Research advancement Reference 
number

Biomaterials for soft and hard tissue regeneration

Resin  
composites

Bis-GMA/TEGDMA resin 
composites modified with 

Zn/Sr-doped HA

– restorative materials for hard tissue treatment;
– improvement of antibacterial activity and 

mineralization capacity without the loss 
of biocompatibility

in vitro studies:  
cytotoxicity (L929 fibroblasts); 

antibacterial test (S. aureus)

53

silica aerogel/Bis-GMA/
TEGDMA resin composites

(size of silica aerogel particles:
15 mm and 50 mm)

– restorative materials for hard tissue treatment;
– improved mechanical and antimicrobial properties, 

higher hardness and lower water absorption than 
in the case of pure composites

in vitro antibacterial studies (S. aureus) 54

CP/Bis-GMA/TEGDMA resin 
composites

– restorative materials for hard tissue treatment;
– remineralization of caries-affected dentin and the 

prevention of caries lesions under orthodontic 
brackets, controlled release of ions after 2–3 months

in vitro/ex vivo remineralization studies 
with human teeth and artificial saliva 

(review article)

55

SiO2- and Al2O3-based UDMA 
resin composites

– restorative materials for hard tissue treatment;
– increased surface roughness and porosity;
– only Al2O3-enriched resins showed sufficient 

physicomechanical properties to be used as resin 
fillings

lack of biological studies 57

GIC

encapsulated commercial 
GIC: Fuji II LC, Fuji IX, Ketac™ 
Fil Plus, and EQUIA Forte™ 

HT Fil

– restorative materials for hard tissue treatment;
– encapsulation eliminated the manual mixing 

problem and improved the surface hardness of GIC 
in the post-aging studies

in vitro aging studies investigating 
mineral deposition

171

RMGIC modified with ZnO 
NPs (20–40 nm, 2 wt%)

– restorative materials for hard tissue treatment;
– improvement of antibacterial activity without 

sacrificing fluoride release properties and flexural 
strength

in vitro antibacterial studies (S. mutans) 60

commercial GIC (Fuji II LC) 
modified with a propolis 

extract

– restorative materials for hard tissue treatment;
– lack of antibacterial properties after the addition 

of the propolis extract, the deterioration of flexural 
and shear strength

in vitro antibacterial studies (S. mutans) 61

GIC (Fuji II) modified with 3 
active components: nHA (4 

wt%), Zn L-carnosine (6 wt%) 
and ciprofloxacin (1.5 wt%)

– restorative materials for hard tissue treatment;
– improved thermal, mechanical and biological 

properties of biomaterials;
– combination of GIC and bioactive components 

can help treat caries in non-compliant patients, 
including children

in vitro studies: cytotoxicity  
(human gingival fibroblasts BSCL138,  

human keratinocytes BSCL143L); 
antibacterial test (S. mutans)

62

Bioscaffolds

chitosan/gelatin/HA scaffolds

– restorative materials for tissue engineering;
– excellent biomimetic microenvironment for cells, 

supporting their odontogenic differentiation and 
biomineralization in vitro

in vitro studies (DPSCs) 38

ECM from DPSCs
– restorative materials for tissue engineering;
– improved osteogenic differentiation/mineralization 

of gingival fibroblasts

in vitro/ex vivo tests (DPSCs were 
isolated from the teeth or gingival 
tissues of healthy adult patients)

39

laminin-DPEM

– restorative materials for tissue engineering;
– the introduction of laminins to DPEM enhances 

the adhesion of DPSCs and promotes their 
odontogenic differentiation

in vitro/ex vivo tests  
(the dentin matrix was extracted from 

the premolars of beagles)

40

decellularized bioscaffolds 
isolated from rat DP tissue

– restorative materials for tissue engineering;
– ability to support dental stem cell repopulation

in vitro/ex vivo studies (DP was isolated 
from rat jaws, and the decellularized 

scaffolds were recellularized with 
human DPSCs in vitro)

42

L-arginine-containing 
mesoporous SiO2 NPs

– restorative materials for tissue engineering;
– controlled release of L-arginine inhibits bacterial 

growth and neutralizes the acidic environment 
responsible for the development of secondary caries

in vitro antibacterial studies  
(S. mutans, L. casei)

64

nHA

commercial toothpaste 
containing F and HA (F1400, 

F500, Biorepair®)

– restorative materials for tissue engineering;
– the toothpaste reaches the enamel matrix and the 

apatitic mineral phase by penetrating the enamel 
layer, thereby improving remineralization

in vitro/ex vivo studies (8 primary teeth 
extracted for orthodontic reasons)

66

HA-modified commercial 
dental flosses (Oral-B®)

– restorative materials for tissue engineering;
– efficient drug delivery system for the prevention 

and treatment of early caries;
– ability to remove the bacterial biofilm from 

interproximal areas

in vitro studies
(S. salivarius K12)

67
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Area Biomaterials Functionality/results Research advancement Reference 
number

Biomaterials in restorative dentistry

Ti and Ti 
alloys

Ni-Ti orthodontic wires
– biomaterials in orthodontics;
– Ni-Ti orthodontic wires are susceptible to corrosion 

in the oral cavity, especially at friction points

in vitro studies on the corrosion 
of orthodontic wires in the oral cavity

78

Ti implants

– biomaterials in orthodontics;
– mechanical treatment of Ti implants may increase 

the dissolution of Ti in peri-implant tissues, 
potentially contributing to the development 
of peri-implantitis

ex vivo studies (a model of organic 
polymicrobial peri-implant biofilms)

68

Ti implants
– biomaterials in orthodontics;
– Ti was detectable in PICF and GCF, even in healthy 

subjects

clinical study evaluating the fissure  
fluid from both implants  

and the adjacent teeth for the 
possibility of Ti contamination  
(77 patients with 117 implants)

69

CM and a synthetic BS 
combined with TM

– biomaterials in orthodontics;
– application of CM and a synthetic BS combined 

with TM did not facilitate lateral bone 
augmentation;

– in vivo results were inconclusive

in vivo studies investigating the lateral 
bone augmentation of chronic peri-
implant defects (6 canine mandibles)

70

Ti and Zr implants coated 
with β-TCP

– Ti and Zr implants coated with β-TCP can generate 
periodontal tissue and form biohybrid implants

in vivo studies (the implants were 
implanted in rabbits after the extraction 

of lower right central incisors, and 
examined at 45 and 90 days)

128

Ti and Zr disks

– biomaterials in orthodontics;
– air-polishing, the ultrasonic scaler and the Er:YAG 

laser significantly reduced the amount of biofilm 
on Ti and Zr surfaces

in vitro studies examining the 
decontamination methods to remove 
the bacterial biofilm from biomaterial 

surfaces

130

Ag/HA NPs and ZnO NP 
coatings on orthodontic Ti 

mini-screws

– biomaterials in orthodontics;
– orthodontic Ti mini-screws coated with ZnO 

NPs revealed the highest antimicrobial activity 
against bacteria and fungi, and showed better 
cytocompatibility with oral epithelium cells, bone 
cells and fibroblasts as compared to the Ag/HA NP 
coating

in vitro antibacterial tests  
(E. aeruginosa, S. aureus, S. mutans, 

E. faecalis, E. coli, C. albicans)  
and cytotoxicity tests  

(fibroblasts, osteocytes, osteoblasts,  
and oral epithelial cells)

81

complete-arch implant-
supported fixed maxillary 
prostheses made of Ti or 

monolithic Zr

– biomaterials in prosthodontics;
– Zr prostheses showed less plaque accumulation 

and less inflammation of the adjacent soft tissues 
as compared to Ti prostheses

clinical study comparing plaque 
accumulation and soft tissue 

inflammation

77

PEEK

PEEK FDP

– biomaterials in prosthodontics;
– 95% of patients maintained their PEEK FDP without 

fracture, while 5% reported decementation;
– 10% of PEEK FDP showed marginal discoloration

clinical study examining the efficacy 
of PEEK FDP over 1 year; 20 patients 

received three-unit posterior PEEK FDP

98

PEEK and sandblasted PEEK 
disks

– biomaterials in orthodontics;
– sandblasted PEEK was more susceptible to bacterial 

adhesion;
– bacterial adhesion to PEEK is lowest on materials 

with a rough surface

in vitro tests  
(S. sanguinis, S. oralis, E. faecalis,  

and S. gordonii)

85

PEEK and Ti healing 
abutments

– biomaterials in orthodontics;
– PEEK healing abutments induced a stronger 

inflammatory response in the tissues as compared 
to Ti healing abutments

clinical study examining and comparing 
the response of soft tissues to 

biomaterials (22 implants with PEEK or 
Ti healing abutments were placed in 

11 patients for 3 months)

87

PEEK and Ti scaffolds

– biomaterials in orthodontics;
– PEEK scaffolds showed lower biomechanical 

strength than Ti scaffolds;
– both scaffolds provide excellent osteogenic space 

retention as compared to traditional GBR surgery

in vivo studies investigating alveolar 
bone augmentation (3 beagles, 18 
bone defects were created in the 
mandibles of 3 dogs (6 per dog))

88

orthognathic surgery 
combined with simultaneous 

PEEK bone augmentation

– biomaterials in orthodontics;
– orthognathic surgery with PEEK bone 

augmentation significantly improved facial 
symmetry, even in patients with combined soft and 
hard tissue hypoplasia

clinical study comparing the facial 
symmetry results after digitally planned 
surgery and bone augmentation with 

PEEK (30 patients, including those with 
and without laterognathia, patients 
with and without syndesmosis, and 

patients with and without PEEK bone 
augmentation)

103
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Area Biomaterials Functionality/results Research advancement Reference 
number

Biomaterials in restorative dentistry

BG

GIC, GIC with CP,  
Ag NP-modified GIC,  

and 45S5 Bioglass® paste

– biomaterials in orthodontics;
– GIC with CP exhibited the strongest bond

ex vivo study examining the effects 
of bonding agents on the luting 
strength of orthodontic brackets  

(48 healthy human premolars)

108

BioMin® F and NovaMin®
– biomaterials in orthodontics;
– orthodontically induced WSLs can be diminished 

through BioMin F remineralization therapy

clinical study comparing the treatment 
of orthodontically induced WSLs 

with 2 types of BG (60 patients aged 
14–26 years, with a total of 60 WSLs, the 
formulations were tested for 5 weeks)

111

Resins

epoxy resin-coated Ni-Ti 
orthodontic wires

– biomaterials in orthodontics;
– epoxy resin coating ensures increased corrosion 

resistance and reduced leakage of Ni into saliva
corrosion studies using artificial saliva 84

ZnO NP-PMMA 
nanocomposite  

(a denture base material)

– biomaterials in prosthodontics;
– nanocomposite was prone to color changes after 

exposure to various solutions;
– modification of PMMA with ZnO NPs is esthetically 

acceptable at a concentration of 2.5% or 5%

lack of biological studies; the 
degradation test was performed for 

6 months to examine stability and color 
changes after exposure to water, coffee, 

red wine, black tea, and a denture 
cleaning solution

113

PMMA modified with TiO2

– biomaterials in prosthodontics
– adding TiO2 NPs ensured a significant reduction in 

bacterial adhesion to the biomaterial surfaces

in vitro antibacterial studies  
(S. mutans)

115

graphene-PMMA composites

– biomaterials in prosthodontics;
– significant improvement of the mechanical 

properties of composites with a low content 
of graphene (0.1027%)

lack of biological studies 117

CAD/CAM PMMA resins

– biomaterials in prosthodontics;
– improved mechanical and biological features, i.e., 

a higher modulus of elasticity, lower cytotoxicity 
and slight changes in cell morphology

in vitro studies (keratinocytes): 
cytotoxicity test, morphological 

changes of the cells after exposure to 
the tested material

118

PEKK-based double-crown 
dental prostheses (modified 

with Au and Co-Cr)

– biomaterials in prosthodontics;
– PEKK/PEKK and Au/PEKK primary/secondary crown 

combinations exhibited superior surface wear than 
the control group

lack of biological studies; stabilization 
studies for the double-crown system in 
a wet environment simulating 13 years 

of use to investigate the retentive 
forces of several material combinations 

between primary and secondary 
crowns

96

Ceramics

multi-layered Zr ceramics 
(cantilever IRFDP)

– biomaterials in prosthodontics;
– acceptable fracture resistance

in vitro studies (natural teeth were 
used as abutments to simulate clinical 

conditions and create the ideal 
matching of the adhesive interface)
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metal-ceramic and ceramic 
FDP

– biomaterials in prosthodontics;
– the highest incidence of chipping occurred in Zr 

FDP with a complete veneer, followed by metal-
ceramic FDP with a high noble metal framework

cohort study evaluating the chipping 
and failure rates of FDP supported by 
metal-ceramic and ceramic implants 

and combined tooth–implant-
supported FDP (434 FDP placed  
in 324 patients, an observation  

period of 0.5–12.6 years)

124

ceramic brackets (Forestadent, 
G&H Orthodontics, GC 

Orthodontics, DynaFlex, and 
American Orthodontics)

– biomaterials in orthodontics;
– all ceramic brackets were prone to discoloration
– coffee had the greatest effect on color stability

in vitro studies examining the color 
stability of ceramic brackets in various 

fluids (100 ceramic brackets dipped  
in coffee, Coca-Cola®, Cedevita®,  

and artificial saliva)
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GIC – glass ionomer cement; nHA – nano-hydroxyapatite; Ti – titanium; PEEK – polyetheretherketone; BG – bioactive glass; Bis-GMA – bisphenol A-glycidyl 
methacrylate; TEGDMA – triethylene glycol dimethacrylate; Zn – zinc; Sr – strontium; HA – hydroxyapatite; S. aureus – Staphylococcus aureus; CP – calcium 
phosphate; SiO2 – silicone dioxide; Al2O3 – aluminum oxide; UDMA – urethane dimethacrylate; RMGIC – resin-modified glass ionomer cement; ZnO – zinc 
oxide; NP – nanoparticle; S. mutans – Streptococcus mutans; Zn – zinc; DPSCs – dental pulp stem cells; ECM – extracellular matrix; laminin-DPEM – laminin-
modified native dental pulp extracellular matrix; DP – dental pulp; L. casei – Lactobacillus casei; F – fluorine; S. salivarius – Streptococcus salivarius; Ni – nickel; 
PICF – peri-implant cavity fluid; GCF – gingival crevicular fluid; CM – collagen membrane; BS – bone substitute; TM – Ti mesh; Zr – zirconium; β-TCP – beta-
tricalcium phosphate; Er:YAG – erbium-doped yttrium-aluminum garnet; Ag – silver; E. aeruginosa – Enterobacter aeruginosa; E. faecalis – Enterococcus faecalis; 
E. coli – Escherichia coli; C. albicans – Candida albicans; FDP – fixed dental prosthesis; S. sanguinis – Streptococcus sanguinis; S. oralis – Streptococcus oralis; 
S. gordonii – Streptococcus gordonii; GBR – guided bone regeneration; WSL – white spot lesion; PMMA – polymethyl methacrylate; TiO2 – titanium dioxide; 
CAD/CAM – computer-aided design/computer-aided manufacturing; PEKK – polyetherketoneketone; Au – gold; Co – cobalt; Cr – chromium; IRFDP – inlay-
retained fixed partial prosthesis.
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Another promising group of  biomaterials that have 
shown advantages as dental scaffolds are hydrogels 
(HGs). They are soft, three-dimensional (3D) networks 
made of  hydrophilic polymers, which can be natural, 
synthetic, or a  combination of  both. Hydrogels provide 
a tissue-like micro-environment and, due to their elastic-
ity and flexibility, can mimic the native ECM. Moreover, 
various nanomaterials and bioactive compounds are in-
corporated into the polymer matrix of  HGs to increase 
the efficiency of the scaffold.37 The potential of chitosan/
gelatin/hydroxyapatite (HA) scaffolds to enhance the 
viability and proliferation of  DPSCs was examined by 
Vagropoulou et al., who found that these hybrid scaffolds 
provided a biomimetic micro-environment for cells, sup-
porting their odontogenic differentiation and biomineral-
ization in vitro.38

Bioscaffolds for tooth engineering can be prepared 
from the native ECM, which is unique for each cell type, 
provides tissue architecture and delivers specific growth 
factors. For instance, Nowwarote  et  al. reported that 
ECM from DPSCs exhibited improved osteogenic dif-
ferentiation/mineralization of  gingival fibroblasts.39 In 
turn, Fu et al. proposed an excellent dental pulp (DP) tis-
sue regeneration strategy via the laminin-modified native 
DP ECM (laminin-DPEM).40 Based on in vitro tests, the 
authors showed that introducing laminins to DPEM en-
hanced the adhesion of DPSCs and promoted their odon-
togenic differentiation.40

Wang et al. fabricated a novel, biologically active scaffold 
for tooth engineering based on dentin, which was freeze-
dried to maintain its mechanical and biological proper-
ties.41 Dental pulp stem cells cultured on the freeze-dried 
dentin showed improved attachment, growth, viability, 
and collagen secretion.41 The ability to support dental 
stem cell repopulation on the decellularized bioscaffold 
was evaluated by Matoug-Elwerfelli et al.42 The bioscaf-
fold isolated from rat DP tissue demonstrated positive 
expression of odontoblastic markers and growth factors.42

Metallic biomaterials are of great interest in dentistry 
due to their excellent mechanical features and biocom-
patibility.43 They are applied as dentures, plates, joints, 
screws, and implants to restore the functions of missing 
tissues. Cobalt-chromium (Co-Cr), stainless steel, gold 
(Au), Zr, and Ti alloys are predominant among all me-
tallic biomaterials. However, Ti- and Zr-based alloys ex-
hibit better osseointegration than other metals and alloys. 
Moreover, Ti alloys possess superb mechanical proper-
ties. Thus, Ti and its alloys are still the primary materi-
als used for dental implants.43 However, Ti-based dental 
implants need to be improved, as they cause allergic reac-
tions and the discoloration of the mucosa. Another signif-
icant drawback of Ti dental implants is corrosion, which 
results in the release of Ti particles into the tissues close 
to the implants and local lymph nodes. Conditions in the 
oral environment, including the application of  fluoride-
enriched toothpastes or mouthwashes, or high glucose 

levels, may enhance this unfavorable process. Zirconium-
based dental materials are suitable for biomedical applica-
tions due to their low porosity, high density, high flexural 
strength, and resistance to fracture and corrosion. Zirco-
nium restorative materials have other advantages, such as 
degradation and aging in water or water vapor.44 Gener-
ally, both Zr and Ti implants reveal similar osseointegra-
tion. The modification of  the surfaces of  metal-ceramic 
implants improves their mechanical properties, fracture 
toughness and wear resistance, and inhibits bacterial 
adhesion. The most common modification methods are 
sandblasting, laser ablation, polishing, acid etching, ultra-
violet (UV) treatment, or the addition of nanocomposites 
(e.g., nHA). Preclinical studies indicate that the surface 
modification of metallic biomaterials brings an enormous 
benefit in terms of improved osseointegration.45

Biomaterials can be used as carriers in drug delivery 
systems to facilitate implantation or treat various infec-
tions and oral diseases, and may come in multiple forms, 
such as nanosystems/nanoparticles (NPs), nanofibers, 
thin films, HGs, or scaffolds. They can be made of natural 
or synthetic polymers, organic or inorganic NPs, ceramic 
materials, or metal compounds. Such carriers protect the 
active components of  the drugs against degradation or 
deactivation in the oral environment, and allow their con-
trolled release and targeting pathogenic bacteria.46,47 For 
instance, a chitosan-agarose HG was applied for the bio-
mimetic remineralization of a native enamel surface, and 
a significant increase in the microhardness of the enam-
el-like layer was observed after a 7-day remineralization 
process in artificial saliva.45 In turn, a chitosan-based HG 
enriched with an amelogenin-derived peptide (QP5) was 
suitable to inhibit the growth of cariogenic bacteria and 
promote the remineralization of initial caries lesions.45

In the last few years, regenerative therapies based on 
guided bone regeneration (GBR) and guided tissue regen-
eration (GTR) have attracted a great deal of attention.48 
Guided bone regeneration focuses on the regeneration 
of  the alveolar bone in edentulous regions, while GTR 
repairs periodontal tissues.49,50 Both GBR and GRT use 
a porous membrane to physically prevent unwanted cells 
from entering the lesion area. Such membranes should 
have excellent biocompatibility, and ensure the spatial 
and biomechanical stability of  the lesion site. Based on 
their composition and bioactivity, polymeric membranes 
for GBR and GTR can be classified into absorbable, non-
resorbable and inorganic-based materials.48 The first 
group primarily comprises natural polymers, including 
collagen-, gelatin- and chitosan-based materials. The 
non-resorbable membranes are typically made of  syn-
thetic polymers, such as expanded or dense polytetrafluo-
roethylene (PTFE), while the inorganic-based membranes 
include calcium sulfate (CaSO4) and HA compounds.49 
Guided tissue regeneration also requires the presence 
of osteogenic cells, as well as osteoconductive and osteo-
inductive materials, since biomaterials act as cell carriers 
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that activate the cellular processes required for tissue re-
generation. The delivery of  stem cells through biomate-
rials appears to help regenerate and restructure the oral 
cavity. However, more research is needed to assess their 
long-term efficacy.49

Biomaterials in restorative 
dentistry

Restorative biomaterials constitute the largest group 
among all materials in dentistry. They include those used 
to treat caries (resin composites, glass ionomer cement 
(GIC) and polymers), materials for tissue regeneration 
and reconstruction (bioscaffolds, drug delivery systems 
and implants), and multifunctional toothpastes, mousses 
or flosses for tooth remineralization (Fig. 3). These bio-
materials have been the focus of research in recent years 
with the aim to improve their functionality and biocom-
patibility.

Dental resin composites are the dominant materials 
for filling tooth cavities and restoring the biting surface 
of damaged teeth. They have been used for direct restora-
tion since 1998 to replace amalgam fillings, which are tox-
ic due to the mercury (Hg) content, and are usually made 
of a dental resin reinforced with a powdered glass filler. 
The color of the resin can be adapted to the surrounding 
teeth, with the fillings often blue light-cured to build the 
final restoration.51,52

The primary issues associated with the application 
of  resin composites are polymerization shrinkage, dis-
coloration and cytotoxicity, though composite materials 
with antibacterial properties and mineralization capacity 
may help overcome polymerization shrinkage problems. 
Inhibiting bacterial growth prevents secondary caries, 
while the deposition of  minerals can facilitate bonding 

to the tooth structure. For instance, Li  et  al. designed 
advanced resin composites consisting of  the monomer 
bisphenol A-glycidyl methacrylate (Bis-GMA) and the 
diluent triethylene glycol dimethacrylate (TEGDMA), 
with improved antibacterial and mineralization proper-
ties by incorporating zinc (Zn)/strontium (Sr)-doped-
HA.53 Furthermore, the Zn/HA and Sr/HA modification 
did not affect resin biocompatibility in vitro when using 
fibroblasts, which is crucial for preventing micro-leakage 
and secondary caries.53 Cheng  et  al. achieved the me-
chanical and antimicrobial improvement of Bis-GMA and 
TEGDMA-based resins by adding silica aerogel (15 mm 
and 50 mm).54 The silica aerogel/resin composite showed 
significantly lower water absorption and higher hardness 
than a pure resin matrix.54 Bis-GMA and TEGDMA res-
ins can also be modified with multifunctional fillers, such 
as calcium (Ca) orthophosphates.55 Calcium phosphates 
(CPs) are the main constituents of bones and teeth, and 
significantly improve the remineralization of enamel and 
dentin. In composite materials, Ca phosphates contrib-
ute to the remineralization of caries-affected dentin and 
preclude caries lesions under orthodontic brackets. Ad-
ditionally, Bis-GMA and TEGDMA resins are excellent 
for short-term treatment due to the release of ions, which 
subsides after 2–3 months.55

Composite materials based on the monomer urethane 
dimethacrylate (UDMA) have also been investigated as 
dental fillings. UDMA resins exhibit lower polymeriza-
tion shrinkage than Bis-GMA/TEGDMA resins, and due 
to the lack of hydroxyl groups, they are less prone to wa-
ter sorption. Thus, UDMA-based composites are used 
alternatively to prepare dental restorative materials.56 
Khan et al. designed silicone dioxide (SiO2) and aluminum 
oxide (Al2O3)-based UDMA resin composites enriched 
with a spherical micro-filler (30 mm).57 These composites 
were characterized by increased surface roughness and 
porosity. However, only the resins enriched with Al2O3 
showed sufficient physiomechanical properties to be used 
as a resin filling.57

Another versatile material with a  broad spectrum 
of  uses in restorative dentistry is GIC, a  powder-liquid 
formulation that usually contains a  fluoroaluminosili-
cate glass filler, which releases fluoride over time, and 
a polyacrylic acid solution. The most important modifi-
cation of GIC involves the incorporation of components 
that exhibit regenerative or self-curing potential, such as 
nano-sized fillers, natural resins (e.g., propolis or chloro-
hexidine (CHX)), nano-sized bioceramics, HA, nanofluo-
roapatite, various metal NPs (e.g., Zn, silver (Ag) or Ti), 
and natural antibiotics.58,59

Malekhoseini et al. examined the effects of incorporat-
ing zinc oxide (ZnO) NPs, sized 20–40 nm, on the antibac-
terial and mechanical properties of  resin-modified glass 
ionomer cement (RMGIC).60 Based on in vitro studies, the 
authors concluded that the modification of  the RMGIC 
via ZnO NPs (2 wt%) improved the release of fluoride ions 

Fig. 3. Various biomaterials in periodontology

HG – hydrogel.
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and its antibacterial activity against Streptococcus mutans 
(S. mutans), while it did not affect its flexural strength or 
modulus of  elasticity.60 Similar in vitro tests were per-
formed by Panahandeh et al.61 The commercial Fuji II LC 
RMGIC powder was modified with a  propolis extract. 
Adding propolis did not enhance the antibacterial prop-
erties of  the RMGIC; instead, it deteriorated its flexural 
and shear strength. The lack of the antibacterial activity 
of the propolis-modified RMGIC can be attributed to the 
high viscosity of  the Fuji IX cement, which may disturb 
the release of the antibacterial agent.61 Pagano et al. also 
carefully studied the improvement of  mechanical and 
biological properties of GIC as a result of  incorporating 
various additives.62 They designed advanced GIC (based 
on Fuji II LC), modified with 3 active components: HA (4 
wt%) to enhance biocompatibility and mechanical proper-
ties; a mucosal defense agent – Zn L-carnosine (6 wt.%) to 
protect and repair mucous membranes; and an antibacte-
rial agent – ciprofloxacin (1.5 wt%) to achieve bactericidal 
features. The combination of RMGIC and bioactive com-
ponents helped treat caries in non-compliant patients.62

The most common polymeric materials used in den-
tistry are based on polycarbonate (PC), PCL, PMMA, 
polylactic(L-lactic) acid (PLLA), and hexamethyldisi-
lazane (HMDC). These materials can be used as poly-
mer coatings to improve biocompatibility, prevent the 
formation of  the bacterial biofilm, inhibit the corrosion 
of restorative materials in saliva, and reduce the friction 
force on orthodontic elements, such as metal wires. For 
instance, nanofibres made of  PCL or poly(p-dioxanone) 
(PDO), loaded with various antibiotics, such as cipro-
floxacin, doxycycline or metronidazole, can be applied 
as efficient drug delivery systems to treat bacterial infec-
tions of oral mucosa.63 López-Ruiz et al. designed a den-
tal drug delivery system based on L-arginine-containing 
mesoporous SiO2 NPs to prevent secondary caries.64 The 
controlled release of  L-arginine effectively inhibited the 
growth of S. mutans and Lactobacillus casei (L. casei), and 
neutralized the acidic environment responsible for the 
development of secondary caries.64

Nano- and microparticles can act as a delivery system 
for fluoride ions, which prevent the growth of caries-re-
lated bacteria and further acidification of  saliva. In ad-
dition, fluoride ions in saliva reduce the demineraliza-
tion of enamel. For example, in vitro studies showed that 
sodium fluoride (NaF)-loaded ethylcellulose and gelatin 
microparticles provided the sustained release of fluoride 
ions over 8 h.65 These microparticles released fluoride 
ions in acidic conditions, accelerating the remineraliza-
tion of hard tissues.65

Biomaterials have been introduced to daily-use oral 
care products, such as toothpastes, mousses, mouth-
washes, and dental flosses, to restore enamel and den-
tine tissue. Fluoride- and HA-containing toothpastes 
or mousses are among the most popular methods of re-
storing the tooth structure by promoting tooth remin-

eralization. The ability to remineralize dental surfaces 
has been widely examined and reported for deciduous 
and permanent teeth. Bossù et al. tested the effects of 3 
commercial toothpastes containing fluorine (F) and HA 
on tooth remineralization.66 Based on ex vivo studies (8 
primary teeth extracted for orthodontic reasons), the 
authors concluded that all types of  toothpaste reached 
the enamel matrix and the apatitic mineral phase by 
penetrating the enamel layer. The remineralization abil-
ity was associated with the chemical composition of the 
toothpastes and the tailored synthetic graininess of ac-
tive components in the biofluid media.66

Various active compounds, such as fluoride, HA, CHX, 
and povidone-iodine, can be incorporated into dental 
flosses to serve as an  efficient drug delivery system for 
the prevention and treatment of  early caries.67 Improv-
ing dental floss is essential as it helps remove the bacte-
rial biofilm from interproximal areas particularly prone 
to early caries.

Developing novel advanced restorative materials pro-
vides new methods for effectively treating oral diseases 
and for dental tissue regeneration. Materials are modified 
with bioactive substances, drugs or functional additives to 
improve their final properties. However, different short-
comings of dental restorative biomaterials are still raising 
doubts, leaving room for continuous enhancement.

Titanium and titanium alloys 

Titanium is widely used in dental implants because 
of its biocompatibility, chemically inert character, resis-
tance to corrosion, superior stability, and various physi-
cal and mechanical characteristics. Since its introduc-
tion to dentistry, it has been the gold standard for dental 
implant connectors and abutments. No cases of  Ti-
based allergic reactions have been reported in the den-
tal literature. Indeed, one of the main factors that make 
Ti suitable for use in dental and medical implants is its 
ability to form a  strong bond with the living bone and 
soft tissue, a process known as osseointegration, which 
is essential for the long-term success of the implant; Ti 
is particularly well-suited for this purpose. When Ti is 
implanted into the body, it stimulates the growth of new 
bone tissue, which helps anchor the implant in place and 
promotes healing. However, the growing demand for 
esthetics has led to the advancement of alternative ma-
terials that resemble the teeth, such as ceramic and Zr-
based implants. Although Ti-based materials are widely 
used, much research still focuses on determining their 
long-term use and modification.

The effects of cleaning the surfaces of Ti implants were 
studied by Kotsakis et al., who found that the mechani-
cal treatment of Ti implants may increase the dissolution 
of  Ti in peri-implant tissues, potentially contributing to 
the development of peri-implantitis.68 Their results were 
supported by an ex vivo model of organic polymicrobial 
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peri-implant biofilms, which was more representative 
of clinical conditions than other single- or three-species 
biofilm models.68 The findings were also biologically rel-
evant, as the tests regarded the crucial cell types involved 
in the homeostasis of peri-implant tissues.69 Furthermore, 
the study showed that Ti was detectable in peri-implant 
crevicular fluid (PICF) and gingival crevicular fluid 
(GCF), even in healthy subjects. Also, the concentrations 
of  inflammatory mediators were increased in peri-im-
plant disease and significantly associated with Ti concen-
trations, even when adjusted for the peri-implant health. 
The authors suggest that the effects of Ti on peri-implant 
and periodontal tissues require further research.69

An in vivo study investigated the effects of a collagen 
membrane (CM) and a  synthetic bone substitute (BS) 
combined with a Ti mesh (TM) on lateral bone augmen-
tation in a chronic peri-implant defect model in 6 canine 
mandibles.70 The study found that using CM and/or BS 
did not appear to brought an additional benefit to later-
al bone augmentation in peri-implant defects with TM. 
However, the study had a small sample size and the results 
were inconclusive.70

Using Ti-platelet-rich fibrin (T-PRF) as a  donor site 
membrane during free gingival graft (FGG) surgery was 
recommended by Koca-Ünsal  et  al.71 The research con-
firmed that T-PRF increased vascularity at the donor site, 
which might improve soft tissue healing. The study also 
found a positive correlation between the tissue thickness 
at the right and left donor sites, but no significant differ-
ences between the two. Furthermore, the study indicated 
that using ultrasound (US) to assess the tissue thickness 
and vascular density at the donor site during FGG sur-
gery could contribute to the clinical success and reduce 
the risk of complications; it was the first study to evaluate 
the effectiveness of T-PRF using US imaging.71

A retrospective case series study on the use of TM in the 
jaw for the development of the implant site was presented 
by Levine et al.72 A total of 58 mesh procedures were per-
formed in 48 patients, using various bone grafts and bio-
logics. The average initial ridge width was 2.0 ±1.0 mm, 
and the horizontal increase after TM procedures was 
4.7 ±1.6 mm. Titanium mesh exposure occurred in 22% 
of cases, with middle-aged and older patients more likely 
to have mesh exposure than younger patients. All im-
plants were placed successfully, but 56% required addi-
tional contour augmentation after placement in the ap-
propriate prosthetic position. The study indicates that 
TM procedures result in significant bone regeneration in 
narrow alveolar ridges, but the rate of TM exposure as-
sociated with age, as well as the frequency of additional 
contour grafting, should be discussed with patients.72

Majewski assessed the application of a customized TM 
for GBR in atrophied alveolar ridges to achieve the op-
timal crest volume for implant placement.73 Six patients 
who had been evaluated for at least 3 years were included 
in the study. A custom-made TM was used to protect the 

contour of the augmentation site and the stability of the 
xenograft particles. After 6 months, the mesh was re-
moved and the implants were placed in the planned posi-
tions. The average volume increase of the augmented sites 
amounted to 5.2 mm horizontally and 2.75 mm vertically. 
Minor soft tissue perforation occurred in 50% of  cases, 
but it did not affect the implant placement procedure. No 
implant failure was observed during the follow-up period. 
The study concluded that a  customized TM was a  pre-
dictable technique for bone regeneration in advanced 3D 
defects.73

The properties of Ti implants favor their use in prosth-
odontics. Recent studies have mainly focused on evalu-
ating the mechanical properties and possible cytotoxic-
ity of Ti, though it is essential to consider the properties 
of dental alloys and carefully choose materials to ensure 
their effectiveness and safety in clinical use. Romero-Re-
sendiz et al. investigated the feasibility of using Ti-indium 
(In) alloys for dental prostheses through powder metal-
lurgy methods.74 They found that In acted as a grain re-
finer, reducing the grain size of the alloys and improving 
their mechanical behavior. The total porosity of the alloys 
decreased with an  increasing In content, but the grain 
size and the In content had a more significant impact on 
the mechanical properties of the alloys than porosity. The 
alloys also showed non-classic mechanical performance 
due to the heterogeneous distribution of  In, which was 
predominantly found on the grain boundaries and in po-
rous regions. The release of Ti3+ and In3+ ions was below 
toxic concentrations, and the corrosion behavior was af-
fected by the formation of a protective oxide layer, leading 
to low corrosion rates. Among the 3 prepared alloys, the 
Ti-10In alloy showed the most promising properties for 
use as a dental implant due to its smaller grain size, higher 
open porosity percentage, lower ion release, and lower 
corrosion rate.74

Atanasova et al. investigated the relationship between 
the strength of  the bond of dental porcelain to selective 
laser-melted (SLM) Ti and the temperature of  Ti pre-
oxidation.75 They found that the oxide scale covering Ti 
surfaces thickened significantly at temperatures of 750°C 
and above, but the bond strength was negatively corre-
lated with the pre-oxidation temperature. The results sug-
gest that the pre-oxidation of SLM Ti frameworks prior to 
the application of porcelain is not necessary, and room-
temperature passivation in the air after the surface air-
borne-particle abrasion of SLM Ti results in a Ti–ceramic 
bond that is above the minimum recommended values for 
metal-ceramic systems. These findings indicate that SLM 
Ti can be clinically applied in porcelain-fused-to-metal 
(PFM) prostheses.75

Recent studies have shown that Ti cannot always com-
pete with other available biomaterials. Abou-Ayash et al. 
investigated the trueness and marginal fit of  computer-
aided design/computer-aided manufacturing (CAD-
CAM) complete-arch implant-supported screw-retained 
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fixed prostheses made of  PEEK, polyetherketoneketone 
(PEKK) and Ti.76 They found that the material type sig-
nificantly affected the trueness of  the frameworks, with 
PEEK having the lowest deviations, followed by PEKK and 
Ti. For marginal gaps, only the location of the abutments 
had a  significant effect, with gaps in abutment 4 being 
significantly larger within the PEKK group than in abut-
ments 2 and 3. Overall, the trueness of  the frameworks 
differed according to the material type, but the marginal 
fit of the frameworks was similar and was smaller than 90 
µm on average.76

In a clinical study, Curiel-Aguilera et al. compared com-
plete-arch implant-supported fixed maxillary prostheses 
made of Ti or monolithic Zr in terms of plaque accumula-
tion and soft tissue inflammation.77 They found that Zr 
prostheses had slightly lower plaque levels than Ti pros-
theses, and the levels significantly decreased over time in 
the Zr group while remaining constant in the Ti group. 
The study also found that Ti prostheses had significantly 
higher plaque levels than Zr prostheses across all time 
points, and that patients with Zr prostheses responded 
well to plaque control measures, while those with Ti 
prostheses had more difficulty with controlling plaque. 
Overall, the results suggest that Zr prostheses may pres-
ent with less plaque accumulation and less inflammation 
of the adjacent soft tissues than Ti prostheses.77

Titanium alloys have become firmly established in or-
thodontics due to their durability. Nevertheless, their du-
rability is still under investigation, especially in the case 
of alloys containing other metals. A study by Chahine et al. 
aimed to evaluate the corrosion behavior of nickel (Ni)-Ti 
orthodontic wires in the oral cavity, using scanning elec-
tron microscopy (SEM), electrochemical analysis, and 
transmission electron microscopy (TEM) mapping.78 The 
SEM and electrochemical analysis results showed that Ni-
Ti orthodontic arches were able to initiate the corrosion 
process in the oral cavity, especially at the site of friction 
in contact with the braces. The TEM mapping revealed 
the presence of double or multiple layers of Ti, Ni and Al 
oxides on the surface of the wires. The study suggests that 
Ni-Ti orthodontic wires may be susceptible to corrosion 
in the oral cavity, especially at friction points.78

Nur’aini et al. aimed to compare the permanent defor-
mation properties of  3 different Ni-Ti orthodontic wire 
products – IMD Orthoshape™, American Orthodontics 
Ni-Ti heat-activated wire and Ormco Ni-Ti thermal wire.79 
A  total of 27 samples were used, divided into 3 groups, 
each containing 9 samples of a different wire product. The 
wires were placed into the brace slots on the test proto-
type and subjected to force loading for 28 days. Then, the 
permanent deformation of the wires was measured using 
a digital caliper, and compared to the deflection of the new 
or control wires. The results showed a significant differ-
ence in the permanent strain values between the 3 ther-
mal Ni-Ti wire products, with the smallest being reported 
for Ormco, followed by American Orthodontics and IMD 

Orthoshape. The study concluded that using 0.014-inch-
diameter thermal Ni-Ti wire with the least permanent 
strain was suitable in the early stages of orthodontic treat-
ment to allow maximum and effective tooth movement.79

The issue of  Ti alloy biocompatibility is not without 
significance, as only suitably modified surfaces can meet 
the specific requirements of, among other things, the 
environment of the application. The goal of the work by 
Im et al. was to improve the biocompatibility and reten-
tion of  orthodontic mini-screws by imparting bioactive 
properties to their surfaces.80 The proposed method con-
sisted of performing anodization, periodic pre-calcifica-
tion and heat treatment on the Ti-6Al-4V ELI alloy mini-
screws. The anodization process consisted of applying 20 
V to a glycerol solution containing 20 wt% water and 1.4 
wt% hydrofluoric acid for 60 min, resulting in the forma-
tion of  a  layer of  titanium dioxide (TiO2) nanotubes on 
the surfaces of  the mini-screws. Cyclic decalcification 
and heat treatment generated fine-grained Ca phosphate 
deposits on the surfaces of the mini-screws. The samples 
were then immersed in simulated body fluid (SBF) to con-
firm the presence of densely structured protrusions and 
elevated concentrations of Ca and phosphorus (P), which 
bind and concentrate endogenous bone morphogenetic 
protein (BMP). They also measured the time of  the re-
moval of  the mini-screws after they were fixed in the 
tibias of rabbits for 4 weeks. The results showed that the 
mini-screws had a significantly longer removal time than 
the untreated ones, and could be used as orthodontic 
mini-screws.80

The aim of an in vitro study conducted by Fathy Abo-
Elmahasen  et  al. was to evaluate the microbial activity 
of  Ag/HA NPs and ZnO NPs on orthodontic Ti mini-
screws in terms of  inhibiting microbial growth.81 The 
study also tested the in vitro cytotoxicity and cytocom-
patibility of the synthesized nano-coatings, as well as the 
animal models of  4 cell types (fibroblasts, osteocytes, 
osteoblasts, and oral epithelial cells). The results showed 
that the mini-screws coated with ZnO NPs had the high-
est antimicrobial activity against a range of bacteria and 
fungi, and ZnO NPs also showed better cytocompatibil-
ity with oral epithelium cells, bone cells and fibroblasts as 
compared to Ag/HA NPs. The authors concluded that the 
proposed nano-coating was a promising strategy to over-
come the development of the inflammatory zone around 
fixed mini-screws.81 

As mentioned earlier, in research on the alloys used in 
orthodontics, the esthetic aspect is taken into account. 
Šimunović  et  al. conducted an  in vitro study to assess 
the color stability of  esthetic ceramic brackets and ad-
hesive samples after immersion in commonly consumed 
beverages.82 There were a  total of  100 ceramic brack-
ets sourced from 5 different producers (Forestadent, 
G&H Orthodontics, GC Orthodontics, DynaFlex, and 
American Orthodontics) and a total of 120 adhesive sam-
ples (3M Transbond™ XT, and American Orthodontics 
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BracePaste® color change adhesive and BracePaste® adhe-
sive) dipped in 4 different solutions – coffee, Coca-Cola®, 
Cedevita®, or artificial saliva (control group). The color 
readings were assessed at various intervals. The results 
showed that all brackets showed significant discoloration, 
with coffee having the greatest effect on color stability. 
The BracePaste color change adhesive showed the great-
est discoloration, while Transbond XT the least.82

To improve the corrosion and esthetic properties of Ni-
Ti orthodontic wires, biocompatible Al-SiO2 coatings 
are proposed. Such materials are characterized by better 
physicochemical properties and far greater esthetics, and 
do not cause cytotoxicity.83 As an alternative to uncoated 
Ni-Ti wires, esthetically pleasing epoxy-coated or ther-
mally rhodium (Rh)-plated wires are also available to im-
prove the esthetics. Furthermore, in vitro and corrosion 
studies using artificial saliva have shown that epoxy resin 
coatings increase corrosion resistance and release less Ni 
into saliva.84

Polyetheretherketone 

Polyetheretherketone is a  type of  thermoplastic poly-
mer of various applications, including medical and dental 
implants. The material is known for its high strength and 
stiffness, and its resistance to heat, chemicals and wear, 
which helps prolong the life of medical devices that are 
made of  this polymer. Due to its durability, it can han-
dle high stresses and deformations, and that is why it is 
suitable for manufacturing medical implants. Moreover, 
PEEK is often used as an alternative to metals in medi-
cal implants because of  its biocompatibility. It does not 
damage or irritate the living tissues, which makes it a safe 
and effective material for medical and dental applications. 
Polyetheretherketone is commonly used in orthopedic 
and dental rehabilitative treatment because of  its ben-
eficial biomechanical characteristics. Nevertheless, the 
material is still susceptible to bacterial attachment and 
biofilm development.

Several surface properties are associated with bio-
film development on the PEEK surfaces, one of  which 
is roughness, with Streptococcus sanguinis (S. sanguinis) 
shown to build up a  biofilm on rough PEEK surfaces 
over 72 h, and comparable findings reported for Strep-
tococcus oralis (S.  oralis), Enterococcus faecalis (E.  fae-
calis) and Streptococcus gordonii (S.  gordonii). The re-
search by Barkarmo et al. also implies that bacteria are 
more likely to adhere to the PEEK surfaces if they are 
sandblasted.85 The plasma spraying of the PEEK surfaces 
with Ag NPs effectively blocked the growth of  Gram-
negative Escherichia coli (E.  coli) and Gram-positive 
Streptococcus aureus (S.  aureus). However, PEEK ma-
terials that have been modified with antibiotic coatings 
and peptide-functionalized NPs exhibit minimal adher-
ence and growth of Pseudomonas aeruginosa (P. aerugi-
nosa) and Staphylococcus epidermidis (S. epidermidis) as 

compared to traditional PEEK products. These findings 
suggest that bacterial adhesion to PEEK is lowest on ma-
terials with a rough surface.

Two strategies for modifying the surface of  PEEK to 
make it resistant to bacterial adhesion and biofilm forma-
tion were discussed in the work by Gao et al.86 The 1st strat-
egy consisted in coating the PEEK surface with antibiotics 
or other antimicrobial agents, such as natural extracts, 
antimicrobial peptides or metal oxides. The 2nd strategy 
involved modifying the surface morphology of  PEEK to 
create microstructures that can kill bacteria or prevent 
them from adhering to the surface. The review discussed 
several specific methods for modifying PEEK with these 
strategies and presented research results indicating their 
effectiveness in inhibiting bacterial growth. Furthermore, 
the study referred to several antimicrobial agents that can 
be used to coat the surface of PEEK to make it resistant to 
bacterial adhesion and biofilm formation. These include 
antibiotics, such as gentamicin sulfate, minocycline, van-
comycin, and tobramycin, as well as natural extracts, an-
timicrobial peptides, and metal oxides, such as ZnO and 
silicon nitride (Si3N4). The review also discussed the use 
of selenium (Se) and fluoride as antimicrobial agents for 
coating PEEK.86

Milinkovic et al. compared the response of peri-implant 
soft tissues to polyethylene and Ti healing abutments, us-
ing histological and immunohistochemical analyses.87 
They found that PEEK healing abutments induced a more 
intense inflammatory response in the tissues than Ti heal-
ing abutments, as demonstrated by the activation of his-
tocytes and plasma cells. On the other hand, Ti healing 
abutments induced an  inflammatory response of  lower 
intensity, which was mainly mediated by B cells. These 
results suggest that PEEK healing abutments may be as-
sociated with a  more intense inflammatory response in 
the soft tissues around the implant than Ti healing abut-
ments.87

In a  study by Li et al., patient-specific PEEK scaffolds 
proved to be a  promising option for individualized al-
veolar bone augmentation, demonstrating similar space-
holding and osteogenic properties to their Ti counter-
parts.88 Such scaffolds can achieve excellent osteogenic 
space retention, making them a  potential alternative to 
traditional GBR surgery. Although PEEK scaffolds showed 
lower biomechanical strength than Ti scaffolds, they can 
be used for customized alveolar bone augmentation and 
may be a better option than traditional collagen periosteal 
membranes.88

Improving the seal between soft tissues and PEEK im-
plants by mimicking the chemistry of  the tooth surface 
poses a  significant problem described in the literature, 
is very important in dental practice and presents a chal-
lenge in material engineering. An  interesting example 
in this respect comes from Saad  et  al., who modified 
the PEEK surface with collagen I and compared it with 
a Ti alloy (Ti-6Al-4V), the most widely used biomaterial 
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for percutaneous procedures.89 The results showed that 
collagen-modified PEEK and Ti surfaces were character-
ized by an increased adsorption of the key proteins of the 
basement membrane and improved epithelial cell viability 
as compared to unmodified PEEK and Ti. These findings 
suggest that the proposed modification technique can po-
tentially improve the PEEK–epithelial tissue sealing and 
expand the use of PEEK as a biomaterial for percutaneous 
implants. Moreover, the use of collagen-modified PEEK in 
percutaneous implants offers several potential advantages 
over unmodified PEEK and Ti. The surface of  collagen-
modified PEEK more effectively promotes the adsorption 
of essential basement membrane proteins, which are nec-
essary for establishing a strong seal between the implant 
and the surrounding soft tissues, and can reduce the risk 
of infection and improve long-term implant stability. Fur-
thermore, the collagen-modified PEEK surface promotes 
better cell viability and growth as compared to unmodi-
fied PEEK and Ti, suggesting better integration with the 
surrounding tissues. These benefits make collagen-mod-
ified PEEK a promising biomaterial for percutaneous im-
plants.89

Another possibility for modifying scaffolds to enhance 
their therapeutic effect is worth mentioning at this point. 
Due to its high affinity, collagen can be combined with 
several bioactive agents to improve its effect, with the 
collagen scaffolds incorporating recombinant human-
cartilage oligomeric matrix protein–angiopoietin 1 
(rhCOMP-Ang1) and coumaric acid shown to facilitate 
bone formation.90 Indeed, in vitro and in vivo models 
of critically sized mandible defects have shown that this 
material enhances the proliferation, mineralization and 
migration of cultured human periodontal ligament fibro-
blasts (hPLFs) through the activation of the angiopoietin 
1 (Ang1)/TEK (Tie2) signaling axis.90 As discussed ear-
lier, Ti and Zr with collagen scaffolds have already been 
proposed, and their further modification with bioactive 
agents should contribute to their development into even 
more functional materials.

Another important aspect to consider is material dura-
bility. The influence of 3 denture cleaners upon immer-
sion in a chemical solution that was applied to PEEK and 
other denture base materials was studied and compared 
with respect to long-term water sorption and solubility.91 
The study concluded that denture cleaners can affect the 
water sorption and solubility of PEEK and other denture 
materials over time. Specifically, the PEEK group showed 
a significant difference in the average water sorption val-
ues among all cleaning agent groups and a substantial dif-
ference in average solubility with regard to the distilled 
water and sodium hypochlorite (NaClO) groups. These 
results suggest that the type of denture cleaner used may 
affect the long-term performance of PEEK and other den-
ture base materials.91

Evaluating the effects of loading and grafting on osseo-
integration and soft tissue healing in the implant area with 

immediately placed, self-loaded, progressive implants 
at the tissue level in a  minipig model was the subject 
of a study by Parvini et al.92 The researchers put 56 TLX 
implants (commercial Straumann®TLX RT, Roxolid®, 
SLActiv®, with durable PEEK matrices) immediately af-
ter the bilateral extraction of  mandibular first and sec-
ond premolars in 14 minipigs. The implant sites were as-
signed to 4 groups, including unloaded with simultaneous 
grafting with the use of  bovine bone mineral, unloaded 
without grafting, loaded with simultaneous grafting, and 
loaded without grafting. The researchers found at weeks 
4 and 12 that implant loading and grafting had no signifi-
cant effect on osseointegration and soft tissue healing in 
the TLX implant area. However, they noted that the val-
ues tended to vary between the buccal and lingual aspects 
of the implants. These results suggest that TLX implants 
may be a promising option for dental implants, especially 
when immediate loading and grafting are not possible or 
necessary.92

Polyetheretherketone is being increasingly used to man-
ufacture removable and fixed prostheses, such as dental 
crowns, bridges and denture clamps in removable dental 
prostheses, which is due to its low potential for causing 
allergies, low water solubility, superior biocompatibility, 
high thermal and chemical resistance, moderate biofilm 
formation, and excellent mechanical properties.93 The 
material, with its good physical and mechanical proper-
ties, including high melting temperature and compres-
sive strength as compared to other polymers, as well as 
good biocompatibility, is a potential alternative to Ti for 
long-term dental applications.94 Research related to the 
use of PEEK in dental prostheses focuses on the problem 
of its chemical stability, which can hinder adhesive bond-
ing due to the inert surface of the material, and on com-
parison with other materials.

Gentz et al. compared the retentive forces of  remov-
able partial denture clasps made of  Co-Cr and 2 ther-
moplastic polymers (PEEK and PEKK), using the CAD/
CAM processes.95 The clasps were tested with a chewing 
simulator for 15,000 cycles to simulate 10 years of use, 
and the results showed that Co-Cr clasps had significant-
ly higher retentive forces than thermoplastic polymer 
clasps. The researchers also examined the specimens 
under an SEM and observed that Co-Cr clasps showed 
wear on the glaze layer of the ceramic crowns, whereas 
the thermoplastic polymer group did not. Such wear 
may explain the reduction in retentive forces observed 
with Co-Cr over insertion and removal cycles as com-
pared to the consistency noted with thermoplastic poly-
mers. Nonetheless, PEEK and PEKK clasps had similar 
retentive forces, yet lower than those of  Co-Cr clasps. 
All 3 groups of clasps demonstrated an  initial increase 
in retentive forces, followed by a gradual decrease, still 
all maintained similar or higher retentive forces as com-
pared to the baseline measurement. The study suggests 
that thermoplastic polymer clasps are appropriate for 
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clinical use due to their resistance to fatigue and the pos-
sibility to fabricate them through CAD/CAM.95

Igarashi et al. described the results of an in vitro study 
conducted to assess the use of  PEKK as an  alternative 
material for double-crown dental prostheses.96 The study 
involved testing the retentive forces of  primary crowns 
made of various materials, including PEKK, and second-
ary crowns made of PEKK, and comparing them with the 
gold standard (primary crowns made of Au and secondary 
crowns made of galvano-gold (GA)) after 20,000 connec-
tions and disconnection cycles. The study used a  linear 
torsion all-electric dynamic test instrument to place the 
secondary crown on the primary crown with a force of 50 
N·cm for 1 s, and then remove it with a  frequency of 1 
Hz. The results showed significant differences between 
the various test materials regarding their retentive forc-
es, demonstrating that PEKK was a  suitable alternative 
material for double-crown prostheses. Furthermore, the 
authors concluded that the PEKK/PEKK and Au/PEKK 
primary/secondary crown combinations were better in 
terms of  retention forces than the Au/GA combination, 
and the combination of  Co-Cr/PEKK showed stable re-
tention throughout the testing period and superior reten-
tion strength after a total of 20,000 insertion/removal cy-
cles. Since PEKK/PEKK and Au/PEKK showed superior 
surface wear than the control group, it can be concluded 
that PEKK offers good clinical prospects.96

Wang  et  al. discussed the use of  PEEK in fixed den-
tal prostheses (FDP), such as crowns, partial dentures 
and post-and-core.97 They noted that PEEK showed ex-
cellent mechanical properties, including good stress 
distribution, and was biocompatible, non-mutagenic, 
non-cytotoxic, and non-allergenic. However, the chemi-
cal stability of PEEK can be considered an advantage or 
a  disadvantage, as it minimizes intraoral corrosion, but 
makes adhesive bonding difficult due to the inert surface 
of the material. The authors described various strategies 
that had been explored to improve the adhesive proper-
ties of  PEEK, including acid etching, plasma treatment, 
airborne-particle abrasion, laser treatment, and adhesive 
systems. They concluded that while PEEK was a promis-
ing alternative to conventional materials for FDP, it had 
some disadvantages, such as the lack of esthetics, and its 
inert and hydrophobic surface could make bonding with 
composite resins and abutment teeth difficult. They sug-
gested that further research was needed to overcome 
these challenges and facilitate the wider adoption of PEEK 
in fixed prosthodontics.97

Raj et al. conducted a clinical study to evaluate the ef-
ficacy of PEEK FDP over 1 year.98 The study included 20 
patients who received three-unit posterior PEEK FDP. 
Clinical examinations and patient recalls were conducted 
at intervals of  0, 3, 6, 9, and 12 months to evaluate the 
longevity of  restorations, using the modified Ryge cri-
teria and the System for California Oral Health Report-
ing (SCOHR). Radiographic assessments were also per-

formed after 12 months. The study results showed that 
95% of patients maintained their PEEK FDP without frac-
ture during the study period, while 5% reported the de-
cementation of their FDP. Furthermore, 10% of the PEEK 
FDP showed marginal discoloration, but no significant 
changes in marginal adaptation, oral hygiene or peri-
odontal health were observed over the study period. The 
authors concluded that PEEK FDP had satisfactory clini-
cal efficacy and acceptable clinical outcomes during the 
12-month observation period, but further research with 
a larger sample size was needed to build evidence on the 
use of PEEK for FDP in the long term.98

Soldatovic  et  al. determined the fracture load of  im-
plant-supported four-unit cantilever FDP with frame-
works made of 2 differently filled PEEK compounds and 
veneered using 3 different techniques.99 The study includ-
ed 120 duplicate four-unit FDP frameworks, which were 
milled from PEEK with 20% TiO2 filler or pressed with 
30% TiO2 filler, and veneered using digital veneers, con-
ventional composite resin veneers or pre-fabricated ve-
neers. Fixed dental prostheses were adhesively bonded to 
Ti abutments, and the fracture load was measured before 
and after artificial aging in a mastication simulator. The 
results showed that the filler content and the veneering 
technique significantly affected the fracture load, with the 
30% filler content and pre-fabricated veneers providing 
the highest resistance to fracture. Aging did not affect the 
fracture load. The authors concluded that the filler con-
tent of  PEEK compounds and the veneering technique 
influenced the fracture load of  implant-supported four-
unit PEEK FDP, and selecting the appropriate veneering 
method could improve the long-term success of  bilay-
ered structures. They also noted that all of the FDP in the 
study had a higher fracture load than the maximum oc-
clusal forces in the posterior region, and that mastication 
simulation did not impact the fracture resistance of  the 
examined PEEK FDP.99

A very interesting summary of  works on the use 
of PEEK for dental prostheses was presented by Khur-
shid et al., who assessed if PEEK had superior mechani-
cal and esthetic properties as compared to other mate-
rials used in the construction of  dental prostheses.100 
The review included 12 articles, with 2 case studies, 3 
observational studies, and 1 randomized controlled trial 
(RCT). The quality of the research was evaluated using 
various tools, and the overall quality of most studies was 
classified as low or medium. The review found that the 
evidence on the long-term viability of PEEK-based den-
tal prostheses was insufficient, and most of it came from 
case reports and non-randomized observational studies. 
The authors concluded that future studies should focus 
on large-scale multicenter trials comparing the survival 
rate of PEEK-based prostheses with other materials, and 
that implant-supported PEEK prostheses should be fur-
ther studied as a potential replacement for conventional 
materials and designs.100
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The effects of  amine group modification on the os-
seointegration behavior of carbon fiber-reinforced poly-
ethylene (CPEEK) in rabbits was the purpose of a study 
by Wang  et  al.101 Two groups of  implants were used – 
30%-CPEEK and A-30%-CPEEK (amine modification), 
with pure Ti as a control. Bone-forming capacity and os-
seointegration were assessed in vivo by microcomputed 
tomography analysis, SEM observations and histological 
evaluation. The results showed that all parameters dif-
fered significantly between the 2 groups, with those in the 
A-30%-CPEEK group being equal to or better than pure 
Ti. The study also found that modifying the amine group 
could positively affect bone regeneration and suggested 
that A-30%-CPEEK could be a  promising non-metallic 
implant material. In conclusion, this study showed that 
the amine group modification of  PEEK improved os-
seointegration in rabbits. Moreover, A-30%-CPEEK im-
plants showed higher levels of new bone formation and 
better bone integration than unmodified implants with 
30%-CPEEK.101

Boonpok et al. studied the effect of hydrothermal treat-
ment on the bioactivity of the HA-titanium nitride (TiN) 
coating on PEEK by immersion in SBF.102 The coating was 
produced by pulsed direct current magnetron sputtering. 
Its dissolution in SBF was studied at different time points 
for up to 56 days. The results showed that the dissolution 
of the coating and the precipitation of the Ca phosphate 
complex from SBF occurred continuously throughout 
the immersion period, causing physical and chemical 
changes in the coating. However, after 56 days, the coat-
ing remained on the PEEK surfaces and had a 1.16 Ca/P 
ratio. These results suggest that the hydrothermal treat-
ment of the HA-TiN coating improves its bioactivity, and 
may have potential applications in orthopedics and den-
tistry.102

Kerkfeld et al. compared the facial symmetry results af-
ter simultaneously performed, digitally planned orthog-
nathic surgery based on patient-specific implants (PSI) 
and bone augmentation with PEEK in patients with cra-
niofacial defects.103 The research involved 5 groups of pa-
tients, including those with and without laterognathia, 
patients with and without syndesmosis, and patients with 
and without PEEK bone augmentation. The digital pro-
cess workflow involved cone-beam computed tomogra-
phy (CBCT) and virtual surgery planning for all patients 
to produce patient-specific cutting guides and osteosyn-
thesis plates. In addition, the deformed skulls were super-
imposed on a non-deformed skull and/or the healthy side 
was mapped to produce PEEK PSI for augmentation. The 
results of both surgical approaches were evaluated using 
conventional posterior-anterior radiographs, and en-face 
images taken before and 9 months after surgery. The find-
ings showed that simultaneous orthognathic surgery with 
PEEK bone augmentation significantly improved facial 
symmetry when compared to conventional orthognathic 
surgery (6.5%P (3.2–9.8%P)). Indeed, PSI-based orthog-

nathic surgery improved horizontal bone alignment in all 
patients, while simultaneous PEEK bone augmentation 
improved facial symmetry, even in patients with com-
bined soft and hard tissue hypoplasia. A digital workflow, 
including virtual surgical planning, led to improved bal-
ance in all patients.103

Bioactive glass 

Bioactive glass is a type of biocompatible glass of vari-
ous applications, made from a combination of silicon (Si), 
Ca, sodium (Na), and P, and designed to fuse with the liv-
ing tissues in the body. When implanted, BG stimulates 
the growth of new bone tissue, which can help repair or 
regenerate damaged or lost bone, making it valuable in 
dentistry, orthopedics and other medical fields. In addi-
tion to its ability to stimulate bone growth, BG has several 
other properties that make it a useful biomaterial. Indeed, 
it is biocompatible, resistant to infections, and can help 
prevent bacteria from growing on its surface. Moreover, 
BG is strong, durable, and can withstand the stresses and 
strains of daily use. Among the main advantages of BG is 
its ability to fuse with the living tissues; once implanted, 
it forms a chemical bond with the surrounding bone and 
soft tissues, which favors implant anchorage and pro-
motes healing. This bonding process, known as osseoin-
tegration, is essential for the long-term success of medical 
implants, and is one of the key factors that make BG such 
a valuable biomaterial.

Ongphichetmetha  et  al. compared the effectiveness 
of a paste containing 5% calcium sodium phosphosilicate 
(CSPS) and 8% arginine in alleviating dentin hypersensi-
tivity (DH) in patients receiving non-surgical periodontal 
therapy.104 This double-blind RCT involved 45 volunteers 
who were treated with one of 3 dental formulations im-
mediately after non-surgical treatment and continued 
brushing twice daily for 8 weeks. The results showed that 
the CSPS preparation immediately reduced DH, which 
declined by week 8. The study concluded that the CSPS 
paste and arginine were beneficial in terms of  reducing 
discomfort in patients with periodontitis immediately 
and during the first 2 weeks after non-surgical periodon-
tal treatment.104

Williams discussed the evidence on bioactivity 
mechanisms in some biomaterials, including BG, es-
pecially in case the material was modified to promote 
such activity.105 The article covered a basic understand-
ing of  bioactivity phenomena and their relations with 
biocompatibility mechanisms in biomaterials. The au-
thor analyzed the performance of bioactive materials in 
various areas, including bone induction, cell adhesion, 
immunomodulation, thrombogenicity, and antimicro-
bial behavior. The effectiveness of  bioactive materials 
was shown to be based on solid scientific evidence in 
a  variety of  applications, but their successful clinical 
translation remains problematic. Indeed, it is suggested 
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that a  focus on the ‘bioactivity zone’ at the interface 
between the material and the host tissue may provide 
a  better understanding of  the mechanisms of  bioac-
tivity, and help improve the design and performance 
of biomaterials. Finally, the article discussed the chal-
lenges and barriers to the successful clinical translation 
of bioactive materials.105

Some reviews in the field indicate that the subject 
of  applying BG in periodontology is well-researched. 
Cannio  et  al. reviewed the literature on the potential 
bioactivity and biocompatibility of some BG types, such 
as 45S5 Bioglass®, BonAlive® and 19-93B3, in the bio-
medical field.106 The paper discussed various forms in 
which these materials can be obtained and their poten-
tial applications, including dentistry and reconstructive 
surgery. The article also highlighted the need for further 
research and clinical trials to fully understand the per-
formance of  these materials and optimize their design 
for future applications. In their systematic review, Be-
hzadi et  al. evaluated the potential effectiveness of BG 
and HA in dentinal tubule occlusion, which may be use-
ful in treating DH.107 The review included 35 in vitro 
studies, which revealed a  low risk of  bias and demon-
strated the effectiveness of BG and HA in dentinal tu-
bule occlusion. The review suggests that desensitizers 
containing BG and HA can be used to treat DH, but 
more long-term clinical studies are needed to make de-
finitive recommendations.107

In orthodontics, BG is used as a  bonding and clean-
ing agent. For example, Chopra  et  al. evaluated the ef-
fects of  different bonding agents on the luting strength 
of orthodontic brackets.108 The study involved 48 healthy 
human premolar teeth that were randomly divided into 4 
groups, including a control group that used GIC, a group 
that used GIC with CPs, a group that used GIC with Ag 
NPs, and a group that used the 45S5 Bioglass paste. The 
teeth were bonded with metal locks, and a universal test-
ing machine (UTM) was used to remove the locks and 
measure the strength of the luting cement. The thickness 
of the remaining cement was also measured using com-
puted tomography (CT) and SEM. The results showed 
that the CP GIC group had the highest bond strength, fol-
lowed by the luting GIC, Ag NP GIC and 45S5 Bioglass 
groups. The luting GIC group had the greatest thickness 
of the remaining cement, followed by the Ag NP GIC, CP 
GIC and 45S5 Bioglass groups. The study found that CPs 
in GIC provided the strongest bond and left the least ce-
ment on the tooth surface as compared to the other luting 
agents tested.108

Moslemi et al. proposed using the AutoCAD® and SPSS 
software for advanced statistical analysis of the data col-
lected during orthodontic tests.109 The research evaluated 
the effects of toothpastes with BG on the remineralization 
of  orthodontically induced white spot lesions (WSLs). 
Orthodontic brackets were bonded to extracted premolar 
teeth, which were then immersed in a  demineralization 

solution to create artificial carious lesions on enamel. The 
samples were divided into 2 groups, with one treated with 
a  toothpaste containing NaF, and the other treated with 
a toothpaste containing BG. The samples were analyzed 
using a  polarizing microscope, and the results showed 
that both toothpastes were effective in remineralizing 
WSLs, but the BG toothpaste was more effective than the 
toothpaste with NaF.109

Al Shehab et al. investigated the influence of 2 types 
of  sealants, namely fluoride bioactive glass (FBAG) 
paste and the Alpha-Glaze™ resin, on the shear bond 
strength of  orthodontic brackets to enamel, as well as 
their protective effects against a  simulated cariogenic 
acid attack.110 The study included 135 extracted pre-
molar teeth, which were divided into 3 groups: FBAG; 
Alpha-Glaze; and control. The shear bond strength 
of  the brackets was measured using an  Instron UTM, 
and the protective effects of the sealants was evaluated 
using a  toothbrushing simulator and light microscopy. 
The results showed that the shear bond strength values 
did not differ significantly between the FBAG (28.1 ±5.5 
MPa), Alpha-Glaze (32.5 ±7.4 MPa) and control (30.7 
±6.5 MPa) groups. The Alpha-Glaze sealer provided 
a mechanical barrier on the enamel surface within sec-
onds of polymerization, but did not considerably protect 
enamel from a simulated cariogenic acid attack. On the 
other hand, FBAG was able to protect the enamel sur-
face around orthodontic brackets, but its relatively long 
application time posed some clinical difficulties. The 
study suggests that FBAG can be used as an orthodontic 
sealant that does not affect the bond strength of  orth-
odontic brackets and causes minimal damage to enamel 
during the removal of brackets.110

Salah et al. evaluated the effectiveness of 2 types of BG 
(45S5) – BioMin® F and NovaMin® – in comparison with 
casein-phosphopeptide-amorphous calcium phosphate 
(CPP-ACP) in the treatment of orthodontically induced 
WSLs.111 Sixty post-orthodontic WSLs were randomly 
assigned in a double-blind RCT with 3 parallel arms (n 
= 20): group I (Bio-BAG) received the BioMin F slurry 
and toothpaste; group II (N-BAG) received the NovaMin 
slurry and toothpaste; and the positive control group 
(CPP-ACP) received the Recaldent toothpaste. The 
products were applied daily in a dental office for 1 week, 
and then reinforced by self-application at home for 4 
weeks. The results showed that at a 6-month follow-up, 
all 3 groups revealed a statistically significant regression 
of WSL as compared to baseline, and there was a highly 
significant percentage reduction in the lesion size in the 
Bio-BAG group as compared to the control group. The 
average lesion area decreased by 64.8%, 32.2% and 31.6% 
in respective groups. The study concluded that using the 
BioMin F toothpaste in a dental office and at home for 
4 weeks resulted in a more significant esthetic improve-
ment of post-orthodontic WSLs as compared to Nova-
Min and CPP-ACP.111
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Acrylic resins 

For acrylic resins, new research focuses mostly on es-
thetics, including color fastness, and on mechanical re-
sistance and biocompatibility. For example, Almuraikhi 
studied the effects of  different disinfecting solutions on 
the color stability of 2 types of denture substructure ma-
terials – Meliodent® and ProBase® Hot.112 The materials 
were immersed in chemical disinfectants (2% alkaline glu-
taraldehyde, 0.5% chlorhexidine gluconate or 0.5% NaClO 
solutions) or distilled water (as control), and color sta-
bility was measured at different time points. The results 
indicated that all disinfectant solutions had some impact 
on the color stability of base materials, with the smallest 
effect observed with 0.5% chlorhexidine gluconate and 
the greatest effect observed with 0.5% NaClO. Color sta-
bility was the lowest when the materials were immersed 
in distilled water. These results suggest that professionals 
should consider the effects of different disinfectant solu-
tions on the color stability of denture base materials when 
selecting a disinfectant for use on dentures, which is par-
ticularly important, as color stability is an important fac-
tor affecting the final denture appearance.112

Szerszeń  et  al. evaluated the color stability of  a  ZnO 
NP-PMMA nanocomposite as a denture base material.113 
The nanocomposite was exposed to various solutions 
(distilled water, coffee, red wine, black tea, and denture 
cleaning tablet) for 6 months and color changes were 
measured using a digital colorimeter. The results showed 
that all materials experienced significant color changes af-
ter exposure to various solutions, with the greatest chang-
es observed for red wine and the least for distilled water. 
The researchers found that the modification of  PMMA 
with ZnO NPs is esthetically acceptable at a concentra-
tion of 2.5% or 5% by weight, but color changes become 
more noticeable when the NP content is higher, and the 
use of  the nanocomposite should be discussed with pa-
tients.113

In terms of biological, mechanical and structural prop-
erties, modified PMMA may represent a  promising ap-
proach to improving denture performance and longev-
ity.114 Zore  et  al. studied the effect of  adding TiO2 NPs 
to PMMA on the adhesion of S. mutans to the material 
through comprehensive tests of mechanical strength, col-
or fastness and biocompatibility.115 The surface properties 
of modified PMMA, including roughness, the contact an-
gle, zeta potential, and color parameters, were measured. 
Tensile strength was also measured. The results showed 
that adding TiO2 NPs decreased the roughness and con-
tact angle of the material, increased its zeta potential, and 
changed its color. Adding TiO2 NPs also decreased the 
uniaxial tensile strength of the material and had a signifi-
cant effect on the formation of the S. mutans biofilm on 
its surface, with concentrations of  10% and 20% reduc-
ing the bacterial adhesion by 58% and 60%, respectively. 
The authors concluded that PMMA modified with TiO2 

NPs could be a promising material for fabricating acrylic 
resin-based dental materials, but further studies are need-
ed to test its antimicrobial properties and color matching 
with gingival tissues.115

Malisic  et  al. studied the effect of  gamma radiation 
on the microbiological purity and material properties 
of a PMMA composite containing Al2O3 NPs.116 The ma-
terial was irradiated with doses of 0, 10, 20, and 25 kGy, 
and the microbiological purity, mechanical properties, 
thermal stability, microstructure, and the color changes 
were tested. The results showed that a  dose of  25 kGy 
was sufficient for the complete sterilization of the mate-
rial, and improved its mechanical properties and thermal 
stability. However, the dose also caused microstructural 
changes in the material, including the formation of cracks 
and pores and color changes. The authors concluded 
that gamma radiation could sterilize PMMA/Al2O3 NPs 
composites, but the optimal dose would depend on the 
intended application of the material.116

Punset  et  al. found that adding graphene to PMMA 
improved its mechanical properties, including compres-
sive strength and the modulus of elasticity, and reduced 
its specific wear rate, determined by the mechanical 
compression test and the pin-on-disk wear test.117 The 
presence of  graphene in PMMA was studied using Ra-
man spectroscopy and field emission scanning electron 
microscopy (FESEM). Shore hardness and Vickers mi-
crohardness were also determined. Despite promising re-
sults, further studies are needed to determine the optimal 
percentage range of reinforcement, the influence of gra-
phene morphology, and the biocompatibility and fatigue 
of the composite.117

Pagano et al. compared the mechanical and biological 
characteristics of  a  PMMA disk for CAD/CAM pros-
theses (test samples) with traditional resin (control sam-
ples).118 The test samples had a higher modulus of elas-
ticity than the control samples and a  different Brillouin 
frequency. Furthermore, SEM showed that keratinocytes 
in the test samples appeared flattened, with lamellipodia, 
while those in the control samples had cytoplasmic fila-
ments. The test samples were also significantly less cyto-
toxic than the control samples. However, no significant 
differences in apoptosis were found between the 2 types 
of  samples. Real-time polymerase chain reaction (PCR) 
showed increased p53 expression in keratinocytes in both 
types of samples, but no significant variations in p21 or 
bcl2 expression. The authors concluded that the PMMA 
disc for CAD/CAM prostheses had improved mechanical 
and biological features as compared to traditional resin, 
including a higher modulus of elasticity, better keratino-
cyte morphology and lower cytotoxicity.118

Since it is important for the application of  materials 
in dentistry that the material allows for simple process-
ing to create accurate models, research is being carried 
out to determine the best possible fabrication technique 
variants. Sidhom et al. evaluated the precision of PMMA 
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working models and the marginal fit of  PMMA provi-
sional prostheses produced using 2 digital fabrication 
techniques – CAD/CAM milling and 3D printing.119 The 
samples were evaluated using a  coordinate-measuring 
machine (CMM), an  SEM and a  stereomicroscope. The 
results showed that the CAD/CAM-milled models had 
lower mean distances between the reference points as 
compared to the 3D-printed models, and the marginal fit 
of the CAD/CAM-milled provisional prostheses was bet-
ter than that of  the 3D-printed prostheses. The authors 
concluded that CAD/CAM milling is a  more accurate 
technique for the fabrication of PMMA working models 
and provisional prostheses than 3D printing.119

The analysis of recent literature indicates that it is pos-
sible to use PMMA in dental applications, with particu-
lar emphasis on its mechanical and biological properties. 
Furthermore, modifying PMMA with several additives 
has been shown to alter its mechanical properties, includ-
ing compressive and tensile strength and the modulus 
of elasticity, and to significantly affect biofilm formation 
on its surface.

Ceramic materials 

Ceramic materials are now firmly established in prosth-
odontics, and research continues regarding their mechan-
ical resistance and biocompatibility. The question of es-
thetics is also of great importance, with studies focusing on 
commercially available and new materials, mainly based 
on modifications. The aim of  a  study by Juntavee  et  al. 
was to evaluate the ability of  different types of  ceram-
ics of varied thickness to mask the color of various sub-
structures.120 Ceramics used in the study were BruxZir® 
Anterior, Celtra™ Duo and VITA SUPRINITY®, and 
the substructures included natural dentine, tetracycline-
stained dentine, Zr, a resin composite, and a cast metal. 
The researchers used a  spectrophotometer to measure 
the color of the specimens, and determined the masking 
ability by comparing the color difference before and after 
combining the ceramics with the substructures. The re-
sults showed that the type and thickness of  the ceramic 
and substructure significantly affected the masking abil-
ity, with tetracycline-stained dentine having the greatest 
impact on the appearance of the ceramic restoration. The 
study concluded that BruxZir Anterior, Celtra Duo and 
VITA SUPRINITY all had the ability to mask tetracycline-
stained dentine, with BruxZir Anterior requiring a mini-
mum thickness of 0.6 mm, VITA SUPRINITY requiring 
a minimum thickness of 1.2 mm and Celtra Duo requiring 
a minimum thickness of 1.6 mm to achieve an ideal mask-
ing capability. Monolithic Zr had a higher masking ability 
than a lithium silicate/phosphate glass ceramic.120

Al-Dwairi et al. conducted an in vitro study to examine 
the effect of the design of the framework on the fracture 
resistance and failure modes of cantilever inlay-retained 
fixed partial dentures (IRFPDs) made of 2 types of multi-

layered monolithic Zr materials.121 The researchers pre-
pared 72 natural premolar teeth as abutments for IRFDPs, 
using 3 different designs, and then fabricated full-con-
toured IRFDPs from the 2 Zr materials. The samples were 
subjected to thermocycling and mechanical loading, and 
the surviving samples were then loaded until failure on 
UTM. The results showed that the mean failure load was 
not significantly different between the different designs 
or materials. However, during the dynamic fatigue test, 
the IPS e.max® ZirCAD Prime material had a significantly 
higher failure rate than the Zolid Gen-X material. The re-
searchers also found that the type of attachment structure 
significantly affected durability. Dentures with a cantile-
ver design, which maximizes adhesion to enamel, showed 
promising results, while IPS e.max ZirCAD Prime was 
more prone to fracture with the long palatal wing de-
sign.121

Daou conducted an  in vitro study to compare the fit 
of Co-Cr alloy FDP fabricated using different techniques 
before and after ceramic layering.122 The researcher pre-
pared a Co-Cr alloy master model and manufactured 60 
frameworks, using selective laser melting (SLM), soft 
milling and conventional casting. The replica technique 
was used to measure the marginal and internal discrep-
ancies of  the frameworks before and after they were 
layered with ceramics, and compared the results with-
in each group. The data showed significant differences 
within the groups before and after ceramic layering for 
SLM and soft milling, but not for conventional casting. 
The study also found that soft milling resulted in in-
creased gap values in the marginal and occlusal regions. 
However, there was no statistical difference in the mar-
ginal region between the conventional casting group and 
the soft milling and SLM groups. The author concluded 
that ceramic layering increased the discrepancy between 
the laser-sintered and milled frameworks, particularly in 
the marginal region.122

Another in vitro study was conducted by Spitzna-
gel  et  al., who investigated the failure load and fatigue 
behavior of monolithic and bilayer Zr FDP supported by 
one-piece ceramic implants.123 The researchers prepared 
80 three-unit FDP supported by 160 Zr implants, which 
were divided into 4 groups: the monolithic 3Y-TZP Zr 
(Vita YZ® HT) group (Z-HT); the monolithic 4Y-TZP 
Zr (Vita YZ ST) group (Z-ST); the 3Y-TZP Zr (Vita YZ 
HT) group with a facial veneer (Vita VM®9) (FL); and the 
polymer-infiltrated ceramic network (PICN) ‘tabletop’ 
group with a 3Y-TZP framework (Vita YZ HT) (RL). Half 
of the samples in each group were subjected to fatigue in 
a  mouth-motion chewing simulator with simultaneous 
thermocycling, and all specimens were then exposed to 
single-load-to-failure testing. The results showed that all 
samples withstood the fatigue application and that the 
choice of material significantly affected the failure load, 
with the FL group recording the highest failure load, fol-
lowed by the Z-ST, Z-HT and RL groups. All FDP mate-
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rial combinations survived chewing forces that exceeded 
physiological levels, with the bilayer FL and monolithic 
Z-ST groups showing the highest resilience, meaning they 
could serve as reliable prosthetic reconstruction concepts 
for three-unit FDP in ceramic implants.123

Due to the widespread use of implants, it is possible to 
carry out long-term studies that can clearly indicate the 
advantages and disadvantages of the materials used. Ram-
melsberg et al. conducted an observational cohort study 
to evaluate the chipping and failure rates of FDP support-
ed by metal-ceramic and ceramic implants and combined 
tooth–implant-supported FDP.124 The study included 
434 FDP placed in 324 patients, with 213 implant-sup-
ported FDP, 66 implant-supported cantilever FDP, and 
155 tooth–implant-supported FDP. Metal-ceramic FDP 
were made with a high noble metal alloy or a Co-Cr base 
metal alloy framework, while ceramic FDP were all Zr-
based with a monolithic, completely veneered or partially 
veneered framework. The researchers found that during 
the observation period of  0.5–12.6 years, 17 FDP failed 
due to implant failure, tooth loss, major chipping, or the 
loosening of the abutment screw. The survival probabil-
ity was 96% after 5 years and 91% after 10 years, and the 
Cox regression analysis showed that age, sex, the location 
of  FDP, the type of  FDP support, and the FDP material 
had no significant effect on the failure of  the prosthe-
ses. However, chipping was significantly affected by the 
material of  the framework and the type of  veneer, with 
the highest incidence of  chipping occurring in Zr FDP 
with a complete veneer, followed by metal-ceramic FDP 
with a  high noble metal framework. The authors con-
cluded that implant–implant-supported and combined 
tooth–implant-supported FDP have promising long-term 
survival rates, and that chipping seems to occur less fre-
quently in monolithic or partially veneered FDP than in 
FDP with complete veneers.124

Balmer et al. wrote a position paper on the current level 
of evidence regarding Zr implants in clinical trials.125 The 
authors note that Ti oral implants are considered the stan-
dard in implant dentistry, but their grey color and a high 
prevalence of peri-implant infections have led to contro-
versy over whether tooth-colored, metal-free Zr ceramic 
implants provide sufficient potential to be considered 
equal in terms of treatment outcomes. The authors stated 
that the most available and scientifically documented Zr 
implant systems were one-piece implants requiring expe-
rienced surgeons and prosthodontists due to their limited 
flexibility in compromised angulation or vertical posi-
tioning cases. They also noted that there was evidence 
of a comparable outcome for one-piece Zr implants as in 
the case of Ti implants for the fixed replacement of 1–3 
missing teeth. However, the available clinical data evalu-
ating two-piece Zr implants with an  adhesively bonded 
implant–abutment interface suggest an inferior outcome. 
The authors also mentioned that data evaluating the clini-
cal applicability of  screw-retained solutions, although 

revealing sufficient fracture resistance in laboratory in-
vestigations, are still missing. They concluded that more 
RCTs assessing patient-reported outcome measures and 
two-piece Zr implant systems, as well as further clinical 
research on the selection of materials for monolithic re-
constructions are needed to allow for a comparison with 
Ti at the implant level.125

Zirconium-based ceramic implants have proven bio-
compatible through the tests conducted on various forms 
of Zr, including an yttria-stabilized ceramic, and magne-
sium oxide (MgO)-, Al and Ca-added ceramics. These 
tests demonstrated that ceramics were biocompatible 
materials, although Zr wear products showed some toxic-
ity.126 Dental implants based on Zr are also biocompatible 
with immune cells, including monocytes, lymphocytes 
and macrophages, since tests showed the absence of tox-
icity.127 Also osteoblasts exhibited no toxicity during in-
vestigations. Meanwhile, in vivo tests of hard and soft tis-
sues showed their biocompatibility with Zr-based implant 
materials.127

Several variables can affect the biocompatibility of the 
implant surface, such as the energy, topography and 
chemical composition of  the surface. These factors may 
play an important role in the development of biofilms in 
implanted dental materials. Both Ti and Zr are hydropho-
bic materials, meaning they do not interact with water, 
and therefore, do not promote the growth of microorgan-
isms. In addition, Gram-positive bacteria have a  thick 
peptidoglycan layer and hydrophobic characteristics that 
allow them to be attracted to implants made of Ti or Zr. 
Despite this attraction, microbiological studies have not 
reported considerable bacterial adhesion to either mate-
rial. Nonetheless, Ti and Zr differ in their electrical prop-
erties. Unlike Zr, Ti is a semiconductor due to a bioactive 
dioxide layer, and its electrical conductivity ultimately 
leads to greater plaque accumulation on Ti surfaces. Ad-
ditionally, albumin present in saliva is adsorbed on Ti 
surfaces because of divalent Ca ions, which are attracted 
to the negatively charged Ti surface, and bond to Ti and 
bacterial surfaces. 

Using stem cells for PDL tissue reconstruction in os-
seointegrated implants was studied by Safi et al., with Ti 
and Zr implants coated with beta-tricalcium phosphate 
(β-TCP) assessed using a  long-pulse neodymium-doped 
yttrium-aluminum garnet (Nd:YAG) laser.128 Isolated 
bone marrow mesenchymal cells and PDLSCs were test-
ed for periosteal markers. After extraction, the coated im-
plants were transferred to the rabbit lower right central 
incisors and examined after 45 and 90 days. The results 
showed that placing coated Ti and Zr implants without 
a cell sheet resulted in a well-seated implant at both heal-
ing intervals. The use of  PDLSCs alone or co-cultured 
with bone marrow mesenchymal stem cells (BMMSCs) 
formed natural periodontal tissue, with no significant dif-
ference between Ti and Zr implants, resulting in a biohy-
brid dental implant. The study concluded that Ti and Zr 
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implants coated with β-TCP could generate periodontal 
tissue and form biohybrid implants when mesenchymal 
cell sheets are isolated from PDLSCs alone or co-cultured 
with BMMSCs.128

Assery et al. studied the effect of erbium-doped yttri-
um-aluminum garnet (Er:YAG) laser treatment on Zr 
and Ti disks, and differences in biofilm formation due 
to surface changes.129 The disks were exposed to a  la-
ser, and the surface changes, roughness and elemental 
mass of  the material were evaluated using SEM and 
atomic force microscopy (AFM). At the 2nd stage, 4 par-
ticipants wore the disks in custom-made intraoral stents 
overnight, and the biofilm-covered disks were stained 
and visualized using multi-photon confocal laser scan-
ning microscopy. The results showed that the Ti and Zr 
disks treated with the Er:YAG laser had visible surface 
changes, but showed no significant alterations in the 
mean surface roughness or elemental mass. Further-
more, there were no significant differences in biofilm 
biomass, thickness or the ratio of  live to dead bacteria 
in the laser-treated Ti and Zr disks as compared to the 
non-laser-treated groups. The study concluded that the 
Er:YAG laser treatment of  Ti and Zr implant surfaces 
did not significantly affect surface roughness, elemental 
mass or early oral biofilm formation.129

Investigating the efficacy of  different implant decon-
tamination methods in terms of reducing biofilm modifi-
cation, as well as their potential cytotoxicity was the goal 
of  a  study by Stein  et  al.130 Titanium and Zr disks were 
contaminated with a  highly adherent biofilm consisting 
of  6 bacterial species. Decontamination was performed 
using various methods, including a  Ti curette, an  ultra-
sonic scaler, air-polishing with glycine and erythritol 
powder, an Er:YAG laser, 1% chlorhexidine (CHX), 10% 
povidone-iodine, 14% doxycycline, and a  0.95% NaOCl 
solution. The results showed that only air-polishing, the 
ultrasonic scaler and the Er:YAG laser significantly re-
duced the amount of biofilm on Ti and Zr surfaces. These 
methods also resulted in favorable cytocompatibility on 
both materials. In contrast, the chemicals caused poten-
tial cytotoxic effects.130 The application of Er:YAG laser 
irradiation as a support for Zr materials used in dentistry, 
including in vitro confirmation, is also described in other 
works.131–133

The analysis of  the most recent literature shows that 
at present, Zr implants, despite their advantages, are not 
a substitute for commonly used Ti implants. Comparative 
studies show that Ti is still superior in terms of long-term 
stability and satisfactory osseointegration. On the other 
hand, Zr implants are the preferable option when esthet-
ics is required. According to recent reports, they are also 
the material of choice for protection against implants, as 
clinical studies indicate a better response of  soft tissues 
as compared to Ti implants. Long-term studies are still 
needed in this area, particularly regarding the antibacte-
rial effects.

Three-dimensional printing technology 

From a practical point of view, researchers are increas-
ingly focusing on questions related to the possibility of us-
ing 3D printing technology in prosthodontics, including 
the selection of  the appropriate biomaterials. Son  et  al. 
conducted a  study to evaluate the intaglio surface true-
ness of  interim dental crowns fabricated using 3 differ-
ent 3D printing and milling technologies.134 The study 
used a CAD reference model as a baseline for compari-
son, and interim dental crowns were fabricated using the 
stereolithography apparatus (SLA), digital light process-
ing (DLP) and milling machine technologies. The intaglio 
surface trueness of  the fabricated crowns was assessed 
using a  3D inspection software program, and statistical 
analysis was conducted to compare the results. The study 
showed significant differences in intaglio surface trueness 
between the 3 different technologies, with the milling 
group demonstrating the highest trueness values. In ad-
dition, the milling group showed significant differences in 
trueness according to the location of the intaglio surface. 
In general, the findings suggest that 3D printing technolo-
gies may be more accurate and uniform in manufacturing 
interim dental crowns as compared to the milling tech-
nology.134

Shin et al. conducted a study to analyze the effect of the 
internal structure and the presence of a cross-arch plate 
on the accuracy of  3D-printed dental models.135 The 
models were designed with a U-shaped arch or a cross-
arch plate attached to the palate area, and the internal 
structure was divided into 5 types. The accuracy of  the 
models was measured in terms of trueness and precision. 
The study showed that the presence of a cross-arch plate 
significantly improved the accuracy of  the 3D-printed 
models, with lower trueness and precision values in the 
cross-arch plate group as compared to the U-shaped 
group. In addition, the internal structure of  the mod-
els affected accuracy, with higher trueness values in the 
1.5 mm shell group, and lower values in the roughly and 
fully filled models. The findings suggest that a cross-arch 
plate is necessary for the accurate 3D printing of dental 
models, and that the internal structure of the models also 
plays a role in determining accuracy. Overall, the results 
of this study highlight the importance of considering the 
internal structure and the presence of a cross-arch plate 
in the design of 3D-printed dental models.135

Mai  et  al. conducted a  study to evaluate the effect 
of a newly developed CHX-loaded polydimethylsiloxane 
(PDMS)-based coating material on the surface proper-
ties and antibacterial activity of 3D-printed dental poly-
mers.136 The coating material was synthesized by encap-
sulating CHX in mesoporous silica NPs and adding them 
to PDMS. The coating was applied to the 3D-printed poly-
mer specimens, using oxygen plasma and thermal treat-
ment to form a thin film. The results of the study showed 
that the coating significantly reduced surface irregularity 
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and increased the hydrophobicity of  the specimens. In 
addition, the coated specimens had a significantly lower 
count of bacterial colony-forming units (CFUs) in culture 
media as compared to the non-coated specimens, indicat-
ing the effective antibacterial activity of the coating. The 
findings suggest that coating substances may improve the 
surface properties and antibacterial activity of 3D-printed 
dental materials.136

Schönhoff et al. investigated the mechanical properties 
of  polyphenylene sulfone (PPSU) and PEEK processed 
using fused filament fabrication (FFF) to evaluate the 
suitability of PPSU as an alternative material for the 3D 
printing of  dental restorations.137 After aging, the study 
tested three-point flexural strength, two-body wear, Mar-
tens hardness, and the indentation modulus. The results 
showed that PPSU printed with FFF had lower flexural 
strength than PPSU cut from pre-fabricated molded ma-
terial, indicating the need to optimize the 3D printing pa-
rameters for PPSU. Polyphenylene sulfone also had lower 
hardness and indentation modulus values than PEEK, but 
comparable results for flexural strength and two-body 
wear. In general, the findings suggest that PPSU may be 
a suitable alternative to PEEK for the manufacturing of re-
movable and fixed dental prostheses, but that the qual-
ity of the filament used in the 3D printing process is im-
portant in determining the mechanical properties of the 
printed material.137

Park et al. compared 3D-printed provisional three-unit 
FDP with conventionally fabricated and milled restora-
tions in terms of flexural strength.138 The study used 3 ad-
ditive manufacturing (AM) technologies – SLA, DLP and 
fused deposition modeling (FDM) – as well as subtractive 
manufacturing (SM) and conventional methods as con-
trols. The 3D-printed prostheses were made of a PMMA-
based resin (SLA and DLP) or a PLA-based resin (FDM). 
The flexural strength of  the prostheses was measured 
using UTM and analyzed statistically. The study showed 
that the SLA and DLP groups had significantly higher 
flexural strength than the conventional group, but there 
were no significant differences between the SLA and DLP 
groups or between the DLP and SM groups. The FDM 
group showed only dents, but no fractures. The findings 
suggest that 3D-printed provisional restorations made 
with the SLA and DLP technologies have adequate flex-
ural strength for dental use.138

The discussed studies evaluated various aspects of the 
use of  3D printing in dentistry, including the develop-
ment and application of  coating materials, the accuracy 
and trueness of  interim dental crowns, the mechanical 
properties of different materials, the effect of the internal 
structures and cross-arch plates on the accuracy of den-
tal models, and the flexural strength of 3D-printed dental 
prostheses. Overall, the studies suggest that 3D printing 
can be useful in dentistry, but further research is needed 
to optimize its use in fabricating prostheses, models and 
restorations.134–138

In summary, removable and fixed removable dental 
prostheses are commonly used to replace missing teeth, 
or support and stabilize other dental restorations. Such 
devices are usually made of various materials, including 
metals, ceramics or composite resins, and can be manu-
factured using various techniques, such as casting, milling 
or AM. Research has shown that the design and material 
of  dental prostheses can affect their performance, with 
particular materials and designs being more resistant to 
damage or chipping than others. Research is underway to 
evaluate the performance and clinical applicability of dif-
ferent dental prostheses and materials, with a  focus on 
improving patient outcomes.

Simulations as support  
for material design

Structural analysis 

One of  the most common computational techniques 
used in dentistry, and especially in orthodontics, is the fi-
nite element method (FEM), a numerical technique used 
to solve complicated structural engineering problems. 
The fundamental idea of FEM is to decompose a complex 
geometry problem into smaller and simpler parts called 
‘elements’, which can be easily analyzed. These elements 
are then combined to create a  complete solution to the 
original problem. The FEM computations are often used 
in engineering fields, such as mechanical, civil and aero-
space engineering, to analyze and design structures like 
buildings, bridges and aircraft.

The initial step in FEM calculations creates a  math-
ematical model of the problem that includes details about 
the material composition, geometry and the loading con-
ditions of  the structure. The model is then divided into 
smaller elements that can be analyzed using mathematical 
equations. Next, the internal forces and stresses of each 
element are calculated with a  combination of  mathe-
matical equations and computer algorithms. Finally, the 
forces and stresses of each element are combined to de-
termine the overall behavior of the structure. Numerous 
software programs utilize FEM calculations for various 
uses. Popular examples are ANSYS, Abaqus, COMSOL 
Multiphysics®, SOLIDWORKS® Simulation, and Solid 
Edge, which are mainly used by engineers and scientists 
to evaluate and design complicated structures and sys-
tems. These software programs are also used in other 
industries, such as biotechnology, chemical engineering 
and energy production.

The work of  Schmidt and Schrader was divided into 
2 parts.139,140 In the 1st part, the authors investigated the 
fracture behavior of a  three-piece dental bridge restora-
tion under different chewing speeds (1.0 mm/min and 130 
mm/s), using digital image correlation (DIC). The results 
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showed that the material exhibited significantly different 
responses at different test speeds, and the forces at frac-
ture were substantially lower at the average chewing speed 
(130 mm/s) than in the quasi-static test. The work un-
derscores the importance of considering different speeds 
when evaluating the mechanical properties of dental ma-
terials, as well as the usefulness of  the DIC method for 
studying the fracture performance of materials. Further-
more, these results may be important for future research 
on the application of FEM to predict the behavior of den-
tal restorations under clinical conditions.139 In the 2nd part 
of the study, the use of FEM for predicting the mechanical 
performance of a PMMA temporary dental bridge under 
clinically relevant loads was proposed, with the nonlin-
ear FEM predictions validated through experiments. The 
analysis indicated that when a material model for PMMA 
in dental applications is determined, the influence of the 
stress-state-dependent plastic flow is negligible, and the 
von Mises yield criterion is sufficiently accurate. Finally, 
the results showed good agreement when applying the 
von Mises yield criterion, and the Schmachtenberg hard-
ening law was used to account for plastic deformations. 
However, the study also emphasized that simplifying the 
assumptions of the linear elastic properties of the material 
should be avoided in FEM studies, as they do not consid-
er rate dependencies or plastic flow. Therefore, accurate 
preliminary investigations for material characterization 
are necessary for precise FEM predictions.140

Wahju Ardani et al. conducted a study to test the feasi-
bility of using modified PEEK with nHA as a biomaterial 
for orthodontic mini-implants.141 Using numerical mo-
lecular docking simulation, the binding affinity of nHA, 
PEEK and a  PEEK-nHA complex with 12 osseointegra-
tion-related target proteins was analyzed. The results 
showed that the PEEK-nHA complex had a more negative 
binding affinity than either PEEK or nHA alone, indicat-
ing that it has greater potential than either of these mate-
rials as a biomaterial for osseointegration and the fabrica-
tion of orthodontic mini-implants.141

A similar approach was represented in other works in 
this area. For example, Mieszala  et  al. determined the 
possibility of using PEEK in the manufacturing of braces 
for orthodontic treatment.142 A  variety of  transpalatal 
arch (TPA) geometries were designed by the research-
ers with the use of CAD, with 4 of the designs selected 
and fabricated by milling PEEK. Then, the researchers 
conducted FEM and in vitro mechanical tests to ana-
lyze the forces acting on first upper molars. The results 
showed that the PEEK TPAs were capable of generating 
forces ranging from 1.3 to 3.1 N, and moments in the 
oro-vestibular direction ranging from 2.1 to 6.6 N·mm. 
However, some areas of the TPAs experienced von Mis-
es stress in excess of 154–165 MPa, which could lead to 
the permanent deformation of the devices. Despite this, 
none of the TPAs showed visible deformation or crack-
ing during in vitro tests. The researchers concluded that 

PEEK might be a  suitable material for manufacturing 
orthodontic TPAs.142

The simulation of  the tooth movement induced by 
orthodontic treatment can be performed with the use 
of FEM, which is designed to study multi-body system 
interactions. Orthodontic tooth movement refers to the 
process of moving teeth to their desired positions by us-
ing orthodontic appliances, such as braces or aligners. 
The process is a vital part of orthodontic treatment, and 
aims to correct misaligned teeth and improve the func-
tion and appearance of the patient’s bite. Anh et al. simu-
lated the mechanical behavior of a newly designed clos-
ing loop connected to the gable bends to investigate the 
optimal loop activation conditions to achieve the desired 
tooth movement during orthodontic treatment.143 The 
closure loop is a commonly used system in orthodontics 
to close the space left after extractions, and peak bend-
ing is a  type of  bend in the arch that provides torque 
control for the anterior teeth and anchorage control for 
the posterior teeth. The researchers constructed a  3D 
model of the maxillary dentition, and used FEM to simu-
late the movement of both anterior and posterior teeth 
while varying the degree of  peak bending. The results 
showed that using a 5° gable bend in the loop caused the 
lingual deviation of  the crown of  a  central incisor and 
the corporeal movement of a first molar. Meanwhile, us-
ing 10° and 15° gable bends caused the corporeal move-
ment and root movement of  a  central incisor and the 
distal deviation of  a  first molar. The researchers con-
cluded that the new closing loop design, which involves 
reducing the thickness of  the teardrop-shaped loop by 
50% and using different degrees of peak bending, is ef-
fective in achieving torque control for the anterior teeth 
and anchorage control for the posterior teeth, and can 
be easily performed in a dental office.143

In another study on orthodontic tooth movement, re-
searchers compared the simulated orthodontic treatment 
results, obtained using the Incognito™ Lite Appliance 
System,144 and the actual results to assess the accuracy 
of  the system.145 The Incognito Lite Appliance is a  lin-
gual orthodontic system that uses CAD and CAD/CAM 
to create digital treatment settings. The study included 
17 Angle’s Class I or II malocclusion participants who 
received the Incognito Lite standard arch sequence. The 
simulation and actual results were compared using Final 
Surface® software and the best-fit point-to-triangle meth-
od with 1,000 reference points. The results showed that 
the Incognito Lite Appliance System accurately achieved 
the simulated tooth movement in terms of tip, torque and 
rotation parameters, with most discrepancies within ±3°. 
However, there were significant discrepancies between 
the simulated and actual tooth positions in the transla-
tional parameter, with a difference in position of 0.6–1.0 
mm. The researchers concluded that while the Incognito 
Lite Appliance System was accurate in terms of tip, torque 
and rotational parameters, significant discrepancies in 
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the translational parameter might impair the treatment 
outcome and could be clinically significant.145

Assessment of mechanical properties 

The field of  dental implants has seen significant ad-
vancements in recent years, with the development of new 
materials and designs that aim to improve the osseointe-
gration process and increase success rates. In the works 
summarized below, innovative approaches to dental im-
plants, which have shown promising results in clinical tri-
als, are presented. Work by Milone et al. compared stress 
distribution around the cortical bone for dental implants 
made of Ti and Zr, using FEM.146 The authors found that 
the stress evaluated for the Zr implant was more distrib-
uted around the cortical bone, suggesting that using Zr 
could improve the osseointegration process and increase 
the lifespan of the implant.146

In a study by Patil et al., the use of finite element analysis 
(FEA) was explored to evaluate the mechanical behavior 
of Ti dental implants coated with graphene or graphene 
oxide.147 Bones and soft tissues were modeled as homo-
geneous, isotropic and linearly elastic materials, and the 
assumption was made that the Ti implant was 100% os-
seointegrated. The FEA was performed using the CATIA 
and ANSYS Workbench software tools to analyze von 
Mises stress, strain and deformation at the implant and 
the implant–cortical bone interface. An ideal implant pre-
load was applied to the occlusal surface of the crown, with 
preload values of  0.2  N·m in an  anticlockwise direction 
and an axial load of 100 N, 150 N, 200 N, and 250 N. The 
results showed that the Ti implant coated with graphene 
oxide had better mechanical behavior than graphene, 
with the mean von Mises stress values of 39.64 MPa, 23.65 
MPa and 37.23 MPa in pitches 1, 2 and 3, respectively 
(1.0 mm, 1.4 mm and 2.2 mm). The study also found that 
functionalizing the Ti implant helped reduce stress in the 
implant system. Overall, the use of FEA for solving bio-
mechanical issues related to medical and dental devices 
was emphasized, and the potential for in vivo studies and 
practical applications was noted.147

Miljanovic et al. designed a mandibular implant using 
the Mimics® and 3-Matic software to address mandibu-
lar defects in patients suffering from trauma or disease.148 
The implant was improved by planning the positions for 
dental implants prior to mandibular reconstruction sur-
gery, using the Blue Sky Plan®, v. 4, software. A surgical 
guide was designed in this software and 3D-printed us-
ing the SLA technology, while FEA was performed on the 
surgical guide with the ANSYS FEM software to evaluate 
its mechanical behavior during the surgery. The results 
showed that the surgical guide was able to withstand the 
forces encountered during the procedure. The proposed 
method significantly reduced the surgical and recovery 
time, increased accuracy, and provided a predictable and 
visualized restorative solution.148

Hussein evaluated the mechanical properties of  a  gra-
phene-based polymer (GBP) and PEEK as materials for 
esthetic clasps in removable partial dentures.149 The study 
included 32 latches made with the use of the CAD/CAM 
technology, which were subjected to retention force tests 
after 10,000 insertion and removal cycles and thermocy-
cling. The deformation of  the clasp arms was also mea-
sured, and the areas of  stress and strain concentration 
were analyzed using the FEM software (ANSYS, v. 21). 
The results showed that PEEK had a significantly higher 
retention force (2.248 ±0.315 N) than GBP (2.018 ±0.298 
N), with a p-value <0.001. The buckle arm strain was also 
significantly higher in GBP as compared to PEEK. The 
concentration of  stress and strain were observed at the 
connection of  the retentive arm to the minor connector 
and at the retentive arm clamp in both materials. Owing to 
the FEA of the clasp materials, it was possible to estimate 
maximum principal stress. The results of this study suggest 
that PEEK has superior mechanical properties as an  es-
thetic bracket material as compared to GBP, and that the 
optimization of GBP may be necessary to improve its suit-
ability for this application. The possibility of using calcula-
tion methods to unambiguously indicate stress distribu-
tion in a material was confirmed, which greatly facilitates 
the design of  new materials and the assessment of  their 
durability. Stress and strain concentration was observed in 
both materials, but further optimization of GBP may be 
necessary to improve its suitability for use as an esthetic 
latch material. These results may be helpful to dentists 
when selecting materials for esthetic clasps in removable 
partial dentures. Furthermore, this work highlights the po-
tential of new materials and designs in dental implants to 
improve success rates and patient satisfaction.149

Deep learning 

Deep learning is a machine learning (ML) subfield that 
involves the training of artificial neural networks (ANN) 
on large data sets to allow the network to learn and make 
intelligent decisions on its own. Deep learning has been 
successful in many applications, including image and 
speech recognition, natural language processing, and 
even games. As such, it has enabled major advances in 
fields such as computer vision, robotics and healthcare. 
Also, in the widely understood issues of dental materials, 
ANN have proven to be useful.150,151

The research of Kose et al. centered around dental bio-
materials and aimed to assess the precision of ML regres-
sion models in predicting the final color of  leucite-rein-
forced glass ceramic CAD/CAM veneer restorations.150 
The study leveraged the color space parameters within 
the CIELab system (the International Commission on Il-
lumination – Commission internationale de l’éclairage), 
specifically L (lightness), a  (green to red) and b (blue to 
yellow), which are fundamental for quantifying and char-
acterizing color in this context. Leucite-reinforced glass 
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ceramics designed for dental use were used in different 
shades and thicknesses, ranging from 0.3 to 1.2 mm. Full-
color measurements were taken for each sample against 
different background colors, such as black, white, A1, 
and A3. The dataset included the color difference values 
(CIEDE2000) and all CIELab coordinates relevant to the 
experimental groups. The researchers used experimental 
translucent resin cement and a precisely calibrated spec-
trophotometer for measurements. Afterward, 28 distinct 
regression models were applied and fine-tuned for opti-
mal performance by considering the weights associated 
with the CIELab color space parameters. The findings 
of this study underscore the influence of various factors 
on the L, a and b coordinates in the CIELab color space, 
which collectively determine the color characteristics 
of  dental biomaterials. It is noteworthy that the shade 
of  the ceramic restoration was primarily affected by the 
type of tooth substrate, followed by the thickness of the 
restoration, and specific values for L, a and b. The deci-
sion tree regression model proved to be the most effective, 
exhibiting the lowest mean absolute error and the highest 
accuracy in predicting the shade of the restoration based 
on these CIELab coordinates. From a clinical perspective, 
the ML regression model presented in that study has sub-
stantial potential for dental professionals. It streamlines 
the forecast of the final color outcome of ceramic veneers 
produced using leucite-reinforced glass CAD/CAM ce-
ramic, a material exclusively designed for dental purposes. 
Whether the veneers are low-translucency (LT) or high-
translucency (HT), and whether they are cemented with 
translucent cement, this predictive tool depends on the 
initial color of the tooth substrate and the thickness of the 
ceramic material. Employing this technique enhances the 
predictability and precision of esthetic outcomes in dental 
restorations, ultimately providing advantages to both cli-
nicians and patients in the field of dental biomaterials.150

With regard to Zr biomaterials, a study by Lerner et al. 
investigated the role of artificial intelligence (AI) in fabri-
cating implant-supported monolithic Zr crowns (MZCs) 
on custom-made hybrid abutments.151 The methodologi-
cal process involved the intraoral scanning, CAD-based 
design, precise milling, and clinical application of hybrid 
abutments and provisional crowns. Artificial intelligence 
aided in designing the final crown with the automated 
margin line design. Outcome parameters covered various 
aspects, from the assessment of the precision of fabrica-
tion to clinical evaluations, including the marginal adapta-
tion, interproximal contacts, occlusal harmony, chromatic 
integration, and survival of the MZCs. The study cohort 
consisted of 90 patients, predominantly female (55), with 
a mean age of 53.3 ±13.7 years. Over a follow-up period 
ranging from 6 months to 3 years, the careful evaluation 
of individual hybrid abutments revealed a mean deviation 
of 44 ±6.3 μm from the original CAD design. Notably, the 
MZCs achieved commendable results in terms of clinical 
performance, characterized by superior marginal adapta-

tion, favorable interproximal and occlusal contacts, and 
harmonious chromatic integration. Crucially, the 3-year 
cumulative statistics indicated a 99.0% survival rate and 
a 91.3% success rate for the MZCs.151

The work by Suryawanshi and Behera focused on the 
evaluation of  ML models used for predicting the wear 
of dental composite materials.152 Dental materials degrade 
over time and need replacement, and resin composites are 
commonly used for dental restorations. In their study, the 
authors utilized the in vitro test results obtained from the 
pin-on-disk tribometer following the American Society 
for Testing and Materials (ASTM) standards (ASTM G99-
04) to assess the performance of 3 different ML models in 
analyzing the wear of  dental composite materials when 
exposed to a chewing tobacco solution. The research in-
volved 4 distinct dental composite material samples that 
were immersed in a chewing tobacco solution for a spe-
cific duration, and then subjected to a wear test. Among 
the models under consideration there was a  multi-layer 
perceptron (MLP), a type of ANN. The structural similar-
ity of MLP to biological neural networks makes it versa-
tile and applicable to a variety of tasks within the scope 
of  ML, including regression and classification. The un-
derlying mechanism is based on the emulation of  inter-
connected neurons, enabling them to identify intricate 
patterns in data. Another important AI approach in this 
study is the k-nearest neighbors (KNN) algorithm. This 
algorithm, known for its simplicity and intuitive method-
ology, is useful for classifying and regressing tasks. The 
KNN approach is based on making predictions by using 
the majority class outcomes or calculating the averages 
from the k-nearest data points in the training dataset. The 
3rd model is XGBoost – an acronym that stands for “eX-
treme Gradient Boosting”, an algorithm that is renowned 
for its effectiveness in predictive modeling situations. The 
XGBoost ML model stood out, as it achieved an impres-
sive R2 value of 0.9996, indicating a very strong predictive 
capability. The results suggest that XGBoost significantly 
outperformed the other ML approaches in predicting the 
wear of dental composite materials, making it a promising 
tool for predictive applications in the field of dentistry.152

Drug discovery 

In the field of  drug design, molecular docking is 
a widely used numerical approach to find the optimized 
protein–ligand system. The purpose of molecular dock-
ing is to find the optimal orientation and conformation 
of a ligand when it binds to a protein, and to predict the 
strength of the binding interaction. Such information can 
be used to assess the potential of the ligand as a drug can-
didate and to optimize its structure to improve its binding 
affinity. Molecular docking algorithms typically use a set 
of geometric, physical and chemical principles to predict 
the binding of the ligand to the protein153 through a com-
bination of quantum computing and molecular mechan-
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ics. Quantum computing is used to predict the electronic 
properties of the ligand and the protein, such as electron 
distribution and chemical bond strength. Meanwhile, 
molecular mechanics calculations predict the shapes 
and behavior of the ligand and the protein based on their 
physical properties, such as size, mass and charge. These 
2 types of calculations are often used together in molecu-
lar docking algorithms to provide a more accurate predic-
tion of the ligand–protein binding. For example, PyRx is 
a program designed for small-molecule ligand-to-protein 
docking and analysis, and is commonly used in drug dis-
covery and development to study interactions between 
ligands and proteins, and predict the affinity of a ligand to 
a target protein. In addition, PyRx can be used to optimize 
the positions of ligands and evaluate how ligands bind to 
proteins, to study the structural properties of  proteins, 
as well as to enable the virtual screening of large libraries 
of compounds.

Prahasanti  et  al. presented an  in silico study showing 
that HA-PMMA composites have the potential to func-
tion as dental implant biomaterials due to their advanta-
geous mechanical, chemical and biological properties.154 
These composites not only induce osseointegration, with 
biocompatibility and minimal allergic reactions, but also 
they do not release metal ions and can be obtained from 
natural Indonesian resources. The 3D structure, molecu-
lar weight and identification number of the HA-PMMA 
complex were obtained from the PubChem database and 
minimized using the Open Babel software. The 3D struc-
tures of  bone morphogenetic protein (BMP) 2, BMP4, 
BMP7, alkaline phosphatase (ALP), osteonectin, osteo-
pontin, and osteocalcin were obtained from the Research 
Collaboratory for Structural Bioinformatics Protein Data 
Bank (RCSB PDB) and sterilized with the use of the PyMol 
software to remove water molecules. Molecular docking 
simulations were performed using PyRx and analyzed us-
ing the Discovery Studio software to visualize the types 
of  chemical bonds formed. The results showed that the 
HA-PMMA complex could increase the activity of osseo-
integration-related proteins such as BMP2, BMP4, BMP7, 
ALP, osteonectin, osteopontin, osteocalcin. The complex 
had the strongest binding to osteonectin and was pre-
dicted to increase the activity of  ALP. Finally, the study 
suggested that HA-PMMA composites might be potential 
candidates as biomaterials for dental implants.154

Riaz et al. evaluated the binding affinity of 3 newly de-
signed hydroxyquinoline compounds based on the amino 
acid residues at the active site of each protein and drug-
like properties, including sulfanilamide, 4-amino benzoic 
acid and sulfanilic acid, against 5 bacterial protein tar-
gets.155 Hydroxyquinolines have previously been shown 
to have various biological properties, including antibacte-
rial activity. The researchers used molecular docking soft-
ware to assess the affinity of the compounds with proteins 
and found that they had binding energy values ranging 
from –2.17 to –8.45 kcal/mol. Compounds 1 and 3 had 

the best binding results toward bacterial protein targets 
1ZI0/3VOB and 1JIJ/4CJN, respectively, and, as the au-
thors suggest, may serve as novel antibiotic scaffolds. The 
researchers conducted molecular dynamics simulations 
to further evaluate the potential of the compounds as bac-
terial inhibitors, particularly against methicillin-resistant 
S.  aureus. The simulation showed that the compounds 
had good stability and did not form aggregates. The 
study identified 2 hydroxyquinoline derivatives showing 
a strong affinity for binding to specific proteins in certain 
bacterial strains. These compounds can effectively treat 
infections caused by these bacteria, particularly S. aureus 
and E. coli. The synthesis of these compounds is relatively 
straightforward, facilitating further research investigat-
ing their effectiveness in treating bacterial infections. It 
can be concluded that hydroxyquinoline compounds have 
the potential to develop as bacterial inhibitors and war-
rant further experimental studies through preclinical and 
clinical trials.155

Opportunities and challenges
A few main limitations regard all types of biomaterials 

in dentistry. They are associated with the biocompatibil-
ity of biomaterials, their degradation in the complex oral 
environment, and features that affect their cost and es-
thetics.

Biomaterials in dentistry are exposed to the aggressive 
oral environment, changes in saliva pH and flow, and vari-
ous forms of gingival inflammation due to an erosive diet, 
rich in sugars and acids, or stress-related diseases, such 
as anorexia or bulimia nervosa. A highly acidic oral envi-
ronment is also related to gastroesophageal reflux disease 
(GERD), which is becoming increasingly common in the 
young population due to an improper diet, severe vitamin 
D deficiency, obesity, and food allergies.156 These factors 
contribute to the loss of the mineralized tooth structure, 
early caries, bacterial infections, and the loss of dental tis-
sues.

Restorative biomaterials still suffer from signs of  ag-
ing, such as marginal or surface discoloration, chipping, 
and changes in shape and transparency. Palacios et al. ex-
amined changes in the mechanical properties of 3 com-
mercial resin composites immersed in artificial saliva.157 
After 30 days of  incubation, the flexural strength, frac-
ture toughness, hardness, and modulus of elasticity of the 
tested composites were significantly reduced.157 Similar 
results were reported by Kielbassa et al., with the authors 
showing that high-viscosity GIC and a glass hybrid restor-
ative system do not provide long-term protection against 
abrasive wear.158

Over the last decade, scientists have made a consider-
able effort to enhance the mechanical properties of bio-
materials and their stability in complex media without 
compromising their biocompatibility. Their research 
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regards mainly the chemical composition of  restorative 
materials and advanced modification techniques.159,160 
Nowadays, nanotechnology plays an  essential role in 
developing advanced restorative biomaterials and their 
further improvement.161 The application of nanomateri-
als in dentistry includes dental diagnostics, preventive 
dentistry, prosthodontics, endodontics, periodontics, im-
plantology, and regenerative dentistry. They are used as 
NPs, nanocomposites, nanofibers, or implant nanocoat-
ings. Nano-enhanced biomaterials display excellent anti-
microbial activity and improved mechanical properties, 
especially resin composites enriched with Ag NPs, ZnO 
NPs or copper (Cu) NPs.162 However, the number of in vi-
tro and in vivo studies confirming these positive effects is 
limited. Additionally, only a few long-term clinical studies 
indicate resin composites can be used for the restoration 
of the posterior teeth with long-lasting durability.163–165

Another critical limitation of advanced dental materi-
als is preventing the formation of salivary protein coating 
on the surfaces of biomaterials. Salivary proteins attach to 
the material surface and serve as adhesion substrates for 
the colonizing bacteria, reducing the bacteriostatic activ-
ity of biomaterials.161 Improving biomaterials to achieve 
protein-repellent surfaces is a great challenge for material 
engineering, with in vitro studies indicating that the ad-
sorption of saliva proteins on the surfaces of biomaterials 
is mainly determined by the surface characteristics. The 
lowest protein adsorption is observed for hydrophobic 
and negatively charged coatings. However, some studies 
show that the adsorption of proteins cannot be linked to 
the physicochemical properties of the surface. The nega-
tively charged glycoproteins mucin-7 (MUC7) and zinc 
alpha 2-glycoprotein (ZAG) adsorb not only to positively 
charged surfaces, but also to the silica- and PEG-modified 
biomaterials, which are hydrophilic and exhibit negative 
electrokinetic potential. Scientists suggest that this effect 
can be explained by the unique and complex interactions 
between the proteins involved in salivary micelles, which 
are formed due to the accumulation of MUC7, lactoferrin 
and immunoglobulin A, and positively charged lysozyme, 
which mainly occurs as a single component. The proteins 
attach to the surface of the biomaterial through a multi-
tude of physicochemical interactions to maintain homeo-
stasis in the complex oral environment.166,167

In recent years, scientists have faced the emerging prob-
lem of monomer cytotoxicity due to incomplete composite 
resin polymerization reactions. The unreacted monomers 
remain in the polymer matrix and may be released into 
saliva, accumulating in the surrounding tissues. It should 
be pointed out that the unreacted monomers deteriorate 
the stability of  polymer fillings, which results in their 
shorter clinical lifetime. Developing new resin monomer 
technology based on silorane and UDMA resins is an im-
portant area of dentistry research.168,169 These new mate-
rials ensure low shrinkage stress at the tooth–biomaterial 
interface, and minimize contraction gaps, micro-leakage 

and the recurrence of caries. Although modern biomate-
rials are promising, more in vivo and clinical studies are 
urgently needed to investigate their biological advantages 
and drawbacks in detail (Fig. 4).

Developing modern dental materials should be support-
ed by computational techniques to evaluate their prop-
erties, predominantly mechanical features. Such an  ap-
proach can facilitate the introduction of new biomaterials 
to the market by reducing the number of  complicated, 
tedious and expensive experiments. In this regard, more 
cooperation between dentists and engineers is needed to 
ensure the development of the optimal solutions (Fig. 4). 
Furthermore, advanced treatment methods in dentistry 
should include personalized strategies to design biomate-
rial-drug combinations specific to each individual’s health 
state. Personalized dental biomaterials could be enhanced 
based on data acquisition at the individual level, including 
saliva composition and saliva biomarker levels.170,171

Conclusions
This paper summarizes the most important biomate-

rials and emerging modification strategies that improve 
their biointegration, biological activity, mechanical prop-
erties, and resistance to the harsh oral environment.

Although biomaterials are widely used, a  great deal 
of research is still being conducted to improve their long-
term use and introduce modifications to support dental 
tissue regeneration. Dental biomaterials are also expected 
to prevent bacterial infections and effectively inhibit ma-
terial corrosion in saliva. However, restorative biomateri-
als are still susceptible to bacterial attachment and biofilm 
formation.

Another aspect addressed in recent literature reports 
is the improvement of the mechanical properties and es-
thetics of restorative materials. The surfaces of biomateri-
als are usually modified with polymers or nanomaterials 
to reduce friction while maintaining biocompatibility.

All modern biomaterials are promising; however, there 
is an urgent need for more in vivo and clinical studies to 
investigate their biological advantages and disadvantages 
in detail. The computational techniques used to assess the 
properties of  modern dental materials, particularly the 
mechanical ones, could assist in the development of the 
materials. Such an approach can help bring new biomate-
rials to the market by reducing complicated, tedious and 
expensive experimentation.

Fig. 4. Development of dental materials – necessary research steps



Dent Med Probl. 2023;60(4):709–739 735

Ethics approval and consent to participate 

Not applicable.

Data availability 

All data generated and/or analyzed during this study is 
included in this published article. 

Consent for publication 

Not applicable.

ORCID iDs
Marta Joanna Woźniak-Budych  https://orcid.org/0000-0002-7694-9023
Maciej Staszak  https://orcid.org/0000-0002-7602-7803
Katarzyna Staszak  https://orcid.org/0000-0003-1335-4791

References
1. Reuters. Nobio gets FDA approval for anti-bacterial dental fillings. 

August 5, 2019. https://www.reuters.com/article/us-health-nobio-
regulator-idUKKCN1UV17P. Accessed August 1, 2023.

2. Gillman CE, Jayasuriya AC. FDA-approved bone grafts and bone 
graft substitute devices in bone regeneration. Mater Sci Eng C Mater 
Biol Appl. 2021;130:112466. doi:10.1016/j.msec.2021.112466

3. Murray P. 4 – Biocompatibility of  biomaterials for dental tissue 
repair. In: Shelton R, ed. Biocompatibility of  Dental Biomaterials. 
Sawston, UK: Elsevier/Woodhead Publishing; 2017:41–62. 
doi:10.1016/B978-0-08-100884-3.00004-7

4. Mohn D, Zehnder M. The medical device regulation (MDR) from 
a dental perspective. Front Dent Med. 2023;4:1155820. doi:10.3389/
fdmed.2023.1155820

5. EUR-Lex. Regulation (EU) 2017/745 of  the European Parliament 
and of the Council of 5 April 2017 on medical devices, amending 
Directive 2001/83/EC, Regulation (EC) No 178/2002 and Regula-
tion (EC) No 1223/2009 and repealing Council Directives 90/385/
EEC and 93/42/EEC. https://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=CELEX%3A32017R0745. Accessed August 1, 2023.

6. Jama Software®. What the new Medical Device Regulations 
(EU MDR) mean for you. https://go.jamasoftware.com/new-
eu-medical-device-regulations.html?kw=mdr%202017%20
745%20eu&cpn=11827675850&utm_source=google&utm_
medium=cpc&utm_campaign=emea-search-medical-
nonb&utm_adgroup=eu%20mdr&utm_term=mdr%202017%20
745%20eu&utm_content=582312368051&_bm=118276758-
50132623820239&gad=1&gclid=EAIaIQobChMIqJmk08uLgQMVC
FSRBR2yrwQzEAAYASAAEgLlzvD_BwE. Accessed August 1, 2023.

7. Justiz Vaillant AA, Vashisht R, Zito PM. Immediate Hypersensitivity 
Reactions. Treasure Island, FL: StatPearls Publishing; 2018. 
https://www.ncbi.nlm.nih.gov/books/NBK513315. Accessed 
December 10, 2022.

8. Camassa LM, Ervik TK, Zegeye FD, et al. Characterization and toxic-
ity evaluation of air-borne particles released by grinding from two 
dental resin composites in vitro. Dent Mater. 2021;37(7):1121–1133. 
doi:10.1016/j.dental.2021.03.011

9. Mazzoni E, Iaquinta MR, Lanzillotti C,  et  al. Bioactive materials 
for soft tissue repair. Front Bioeng Biotechnol. 2021;9:613787. 
doi:10.3389/fbioe.2021.613787

10. Pratap B, Gupta RK, Bhardwaj B, Nag M. Resin based restorative 
dental materials: Characteristics and future perspectives. Jpn Dent 
Sci Rev. 2019;55(1):126–138. doi:10.1016/j.jdsr.2019.09.004

11. Montoya C, Jain A, Londoño JJ,  et  al. Multifunctional den-
tal composite with piezoelectric nanofillers for combined anti-
bacterial and mineralization effects. ACS Appl Mater Interfaces. 
2021;13(37):43868–43879. doi:10.1021/acsami.1c06331

12. Tammaro L, Di Salle A, Calarco A,  et  al. Multifunctional bio-
active resin for dental restorative materials. Polymers (Basel). 
2020;12(2):332. doi:10.3390/polym12020332

13. Thamma U, Kowal TJ, Falk MM, Jain H. Nanostructure of bioactive 
glass affects bone cell attachment via protein restructuring upon 
adsorption. Sci Rep. 2021;11(1):5763. doi:10.1038/s41598-021-85050-7

14. Guglielmi D, Di Domenico GL, Aroca S,  et  al. Soft and hard tis-
sue changes after immediate implant placement with or without 
a  sub-epithelial connective tissue graft: Results from a  6-month 
pilot randomized controlled clinical trial. J Clin Periodontol. 
2022;49(10):999–1011. doi:10.1111/jcpe.13685

15. Isola G, Nucera R, Damonte S, Ugolini A, De Mari A, Migliorati M. 
Implant site changes in three different clinical approaches: Orth-
odontic extrusion, regenerative surgery and spontaneous healing 
after extraction: A systematic review. J Clin Med. 2022;11(21):6347. 
doi:10.3390/jcm11216347

16. Matter MT, Maliqi L, Keevend K, et al. One-step synthesis of versatile 
antimicrobial nano-architected implant coatings for hard and soft 
tissue healing. ACS Appl Mater Interfaces. 2021;13(28):33300–33310. 
doi:10.1021/acsami.1c10121

17. Areid N, Willberg J, Kangasniemi I, Närhi TO. Organotypic in vitro 
block culture model to investigate tissue–implant interface. 
An  experimental study on pig mandible. J Mater Sci Mater Med. 
2021;32(11):136. doi:10.1007/s10856-021-06608-5

18. Karthik VC, Prabhu K, Bharath N,  et  al. Randomized controlled 
study on effect of  concentrated growth factors on crestal bone 
levels and peri-implant bone density in dental implants. J Pharm 
Bioallied Sci. 2022;14(5):S68–S77. doi:10.4103/jpbs.jpbs_552_21

19. Miura D, Ishida Y, Shinya A. Polymerization shrinkage of  short 
fiber reinforced dental composite using a confocal laser analysis. 
Polymers (Basel). 2021;13(18):3088. doi:10.3390/polym13183088

20. Hamama HH. 19 – Recent advances in posterior resin compos-
ite restorations. In: Asiri AM, Innamudin, Mohammad A, eds. 
Applications of  Nanocomposite Materials in Dentistry. Sawston, 
UK: Elsevier/Woodhead Publishing; 2019:319–336. doi:10.1016/
B978-0-12-813742-0.00019-5

21. Porenczuk A, Jankiewicz B, Naurecka M, et al. A comparison of the 
remineralizing potential of dental restorative materials by analyzing 
their fluoride release profiles. Adv Clin Exp Med. 2019;28(6):815–823. 
doi:10.17219/acem/94140

22. Francois P, Fouquet V, Attal JP, Dursun E. Commercially available 
fluoride-releasing restorative materials: A  review and a proposal 
for classification. Materials (Basel). 2020;13(10):2313. doi:10.3390/
ma13102313

23. Kasraei S, Haghi S, Valizadeh S, Panahandeh N, Nejadkarimi  S. 
Phosphate ion release and alkalizing potential of three bioactive 
dental materials in comparison with composite resin. Int J Dent. 
2021;2021:5572569. doi:10.1155/2021/5572569

24. Granz CL, Gorji A. Dental stem cells: The role of biomaterials and 
scaffolds in developing novel therapeutic strategies. World J Stem 
Cells. 2020;12(9):897–921. doi:10.4252/wjsc.v12.i9.897

25. Li Y, Duan X, Chen Y, Liu B, Chen G. Dental stem cell-derived extra-
cellular vesicles as promising therapeutic agents in the treatment 
of diseases. Int J Oral Sci. 2022;14(1):2. doi:10.1038/s41368-021-00152-2

26. Rodriguez Y Baena A, Casasco A, Monti M. Hypes and hopes 
of  stem cell therapies in dentistry: A  review. Stem Cell Rev Rep. 
2022;18(4):1294–1308. doi:10.1007/s12015-021-10326-4

27. Soliman T, Ali Z, Zayed M, Sabry D, AbuBakr N. Assessing the bone-
healing potential of bone marrow mesenchymal stem cells in jaw-
bone osteoporosis in albino rats. Dent Med Probl. 2022;59(1):75–83. 
doi:10.17219/dmp/139200

28. Wang P, Sun Y, Shi X, Shen H, Ning H, Liu H. Bioscaffolds embed-
ded with regulatory modules for cell growth and tissue forma-
tion: A review. Bioact Mater. 2021;6(5):1283–1307. doi:10.1016/j.bio-
actmat.2020.10.014

29. Paradowska-Stolarz A, Wieckiewicz M, Owczarek A, Wezgowiec J. 
Natural polymers for the maintenance of  oral health: Review 
of recent advances and perspectives. Int J Mol Sci. 2021;22(19):10337. 
doi:10.3390/ijms221910337

30. Wu DT, Munguia-Lopez JG, Cho YW, et al. Polymeric scaffolds for 
dental, oral, and craniofacial regenerative medicine. Molecules. 
2021;26(22):7043. doi:10.3390/molecules26227043

https://www.reuters.com/article/us-health-nobio-regulator-idUKKCN1UV17P
https://www.reuters.com/article/us-health-nobio-regulator-idUKKCN1UV17P
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32017R0745
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32017R0745
https://go.jamasoftware.com/new-eu-medical-device-regulations.html?kw=mdr%202017%20745%20eu&cpn=11827675850&utm_source=google&utm_medium=cpc&utm_campaign=emea-search-medical-nonb&utm_adgroup=eu%20mdr&utm_term=mdr%202017%20745%20eu&utm_content=582312368051&_bm=11827675850132623820239&gad=1&gclid=EAIaIQobChMIqJmk08uLgQMVCFSRBR2yrwQzEAAYASAAEgLlzvD_BwE
https://go.jamasoftware.com/new-eu-medical-device-regulations.html?kw=mdr%202017%20745%20eu&cpn=11827675850&utm_source=google&utm_medium=cpc&utm_campaign=emea-search-medical-nonb&utm_adgroup=eu%20mdr&utm_term=mdr%202017%20745%20eu&utm_content=582312368051&_bm=11827675850132623820239&gad=1&gclid=EAIaIQobChMIqJmk08uLgQMVCFSRBR2yrwQzEAAYASAAEgLlzvD_BwE
https://go.jamasoftware.com/new-eu-medical-device-regulations.html?kw=mdr%202017%20745%20eu&cpn=11827675850&utm_source=google&utm_medium=cpc&utm_campaign=emea-search-medical-nonb&utm_adgroup=eu%20mdr&utm_term=mdr%202017%20745%20eu&utm_content=582312368051&_bm=11827675850132623820239&gad=1&gclid=EAIaIQobChMIqJmk08uLgQMVCFSRBR2yrwQzEAAYASAAEgLlzvD_BwE
https://go.jamasoftware.com/new-eu-medical-device-regulations.html?kw=mdr%202017%20745%20eu&cpn=11827675850&utm_source=google&utm_medium=cpc&utm_campaign=emea-search-medical-nonb&utm_adgroup=eu%20mdr&utm_term=mdr%202017%20745%20eu&utm_content=582312368051&_bm=11827675850132623820239&gad=1&gclid=EAIaIQobChMIqJmk08uLgQMVCFSRBR2yrwQzEAAYASAAEgLlzvD_BwE
https://go.jamasoftware.com/new-eu-medical-device-regulations.html?kw=mdr%202017%20745%20eu&cpn=11827675850&utm_source=google&utm_medium=cpc&utm_campaign=emea-search-medical-nonb&utm_adgroup=eu%20mdr&utm_term=mdr%202017%20745%20eu&utm_content=582312368051&_bm=11827675850132623820239&gad=1&gclid=EAIaIQobChMIqJmk08uLgQMVCFSRBR2yrwQzEAAYASAAEgLlzvD_BwE
https://go.jamasoftware.com/new-eu-medical-device-regulations.html?kw=mdr%202017%20745%20eu&cpn=11827675850&utm_source=google&utm_medium=cpc&utm_campaign=emea-search-medical-nonb&utm_adgroup=eu%20mdr&utm_term=mdr%202017%20745%20eu&utm_content=582312368051&_bm=11827675850132623820239&gad=1&gclid=EAIaIQobChMIqJmk08uLgQMVCFSRBR2yrwQzEAAYASAAEgLlzvD_BwE
https://go.jamasoftware.com/new-eu-medical-device-regulations.html?kw=mdr%202017%20745%20eu&cpn=11827675850&utm_source=google&utm_medium=cpc&utm_campaign=emea-search-medical-nonb&utm_adgroup=eu%20mdr&utm_term=mdr%202017%20745%20eu&utm_content=582312368051&_bm=11827675850132623820239&gad=1&gclid=EAIaIQobChMIqJmk08uLgQMVCFSRBR2yrwQzEAAYASAAEgLlzvD_BwE
https://go.jamasoftware.com/new-eu-medical-device-regulations.html?kw=mdr%202017%20745%20eu&cpn=11827675850&utm_source=google&utm_medium=cpc&utm_campaign=emea-search-medical-nonb&utm_adgroup=eu%20mdr&utm_term=mdr%202017%20745%20eu&utm_content=582312368051&_bm=11827675850132623820239&gad=1&gclid=EAIaIQobChMIqJmk08uLgQMVCFSRBR2yrwQzEAAYASAAEgLlzvD_BwE
https://www.ncbi.nlm.nih.gov/books/NBK513315


M.J. Woźniak-Budych, M. Staszak, K. Staszak. Biomaterials for dental applications736

31. Lorusso F, Inchingolo F, Dipalma G, Postiglione F, Fulle S, Scarano A. 
Synthetic scaffold/dental pulp stem cell (DPSC) tissue engineering 
constructs for bone defect treatment: An animal studies literature 
review. Int J Mol Sci. 2020;21(24):9765. doi:10.3390/ijms21249765

32. Mosaddad SA, Rasoolzade B, Namanloo RA, Azarpira N, Dortaj H. 
Stem cells and common biomaterials in dentistry: A review study. 
J  Mater Sci Mater Med. 2022;33(7):55. doi:10.1007/s10856-022-
06676-1

33. Cieszkowski J, Warzecha Z, Ceranowicz P, et al. Therapeutic effect 
of  exogenous ghrelin in the healing of  gingival ulcers is medi-
ated by the release of  endogenous growth hormone and insu-
lin-like growth factor-1. J Physiol Pharmacol. 2017;68(4):609–617. 
PMID:29151078.

34. Wezgowiec J, Wieczynska A, Wieckiewicz W, et al. Polish propolis 
– chemical composition and biological effects in tongue cancer 
cells and macrophages. Molecules. 2020;25(10):2426. doi:10.3390/
molecules25102426

35. Jose J, Palanivelu A, Subbaiyan H. Cytotoxicity evaluation of cal-
cium hypochlorite and other commonly used root canal irrigants 
against human gingival fibroblast cells: An  in vitro evaluation. 
Dent Med Probl. 2021;58(1):31–37. doi:10.17219/dmp/127522

36. Rady D, Abdel Rahman MH, El-Mallah S, Khalil MM. Biocompati-
bility assessment of  different root-end filling materials implant-
ed subcutaneously in rats: An  in vivo study. Dent Med Probl. 
2021;58(4):525–532. doi:10.17219/dmp/132240

37. Haugen HJ, Basu P, Sukul M, Mano JF, Reseland JE. Inject-
able biomaterials for dental tissue regeneration. Int J Mol Sci. 
2020;21(10):3442. doi:10.3390/ijms21103442

38. Vagropoulou G, Trentsiou M, Georgopoulou A, et al. Hybrid chito-
san/gelatin/nanohydroxyapatite scaffolds promote odontogen-
ic differentiation of  dental pulp stem cells and in vitro biomin-
eralization. Dent Mater. 2021;37(1):e23–e36. doi:10.1016/j.den-
tal.2020.09.021

39. Nowwarote N, Petit S, Ferre FC, et al. Extracellular matrix derived 
from dental pulp stem cells promotes mineralization. Front Bioeng 
Biotechnol. 2022;9:740712. doi:10.3389/fbioe.2021.740712

40. Fu J, Chen J, Li W, et al. Laminin-modified dental pulp extracellu-
lar matrix for dental pulp regeneration. Front Bioeng Biotechnol. 
2021;8:595096. doi:10.3389/fbioe.2020.595096

41. Wang F, Xie C, Ren N, Bai S, Zhao Y. Human freeze-dried dentin 
matrix as a biologically active scaffold for tooth tissue engineer-
ing. J Endod. 2019;45(11):1321–1331. doi:10.1016/j.joen.2019.08.006

42. Matoug-Elwerfelli M, Nazzal H, Raif EM, Wilshaw SP, Esteves F, 
Duggal M. Ex-vivo recellularisation and stem cell differentiation 
of a decellularised rat dental pulp matrix. Sci Rep. 2020;10(1):21553. 
doi:10.1038/s41598-020-78477-x

43. Kumar ST, Devi SP, Krithika C, Raghavan RN. Review of  metal-
lic biomaterials in dental applications. J Pharm Bioallied Sci. 
2020;12(Suppl 1):S14–S19. doi:10.4103/jpbs.JPBS_88_20

44. Qu Y, Liu L. Zirconia materials for dental implants: A  liter-
ature review. Front Dent Med. 2021;2:687983. doi:10.3389/
fdmed.2021.687983

45. Ye S, Wei B, Zeng L. Advances on hydrogels for oral science 
research. Gels. 2022;8(5):302. doi:10.3390/gels8050302

46. Hakim LK, Yazdanian M, Alam M,  et  al. Biocompatible and bio-
materials application in drug delivery system in oral cavi-
ty. Evid Based Complement Alternat Med. 2021;2021:9011226. 
doi:10.1155/2021/9011226

47. Zhang Y, Jiang R, Lei L, Yang Y, Hu T. Drug delivery systems for 
oral disease applications. J Appl Oral Sci. 2022;30:e20210349. 
doi:10.1590/1678-7757-2021-0349

48. Namanloo RA, Ommani M, Abbasi K,  et  al. Biomaterials in guid-
ed bone and tissue regenerations: An update. Adv Mater Sci Eng. 
2022;2022:2489399. doi:10.1155/2022/2489399

49. Jacob SA, Amudha D. Guided tissue regeneration: A  review. 
J Dent Health Oral Disord Ther. 2017;6(3):67–73. doi:10.15406/
jdhodt.2017.06.00197

50. Saint Luke’s Health System. Periodontal disease: Guided tissue 
regeneration (GTR). https://www.saintlukeskc.org/health-library/
periodontal-disease-guided-tissue-regeneration-gtr. Accessed 
August 1, 2023.

51. Cho K, Rajan G, Farrar P, Prentice L, Prusty BG. Dental resin com-
posites: A  review on materials to product realizations. Compos B 
Eng. 2022;230:109495. doi:10.1016/j.compositesb.2021.109495

52. El-Banna A, Sherief D, Fawzy AS. 7 – Resin-based dental compos-
ites for tooth filling. In: Khurshid Z, Najeeb S, Zafar MS, Sefat F, eds. 
Advanced Dental Biomaterials. Sawston, UK: Elsevier/Woodhead 
Publishing; 2019:127–173. doi:10.1016/B978-0-08-102476-8.00007-4

53. Li Y, Zhang D, Wan Z, Yang X, Cai Q. Dental resin composites with 
improved antibacterial and mineralization properties via incorpo-
rating zinc/strontium-doped hydroxyapatite as functional fillers. 
Biomed Mater. 2022;17(4). doi:10.1088/1748-605X/ac6b72

54. Cheng J, Deng Y, Tan Y,  et  al. Preparation of  silica aerogel/resin 
composites and their application in dental restorative materials. 
Molecules. 2022;27(14):4414. doi:10.3390/molecules27144414

55. Braga RR. Calcium phosphates as ion-releasing fillers in restorative 
resin-based materials. Dent Mater. 2019;35(1):3–14. doi:10.1016/j.
dental.2018.08.288

56. Szczesio-Wlodarczyk A, Domarecka M, Kopacz K, Sokolowski J, 
Bociong K. An  evaluation of  the properties of  urethane dimeth-
acrylate-based dental resins. Materials (Basel). 2021;14(11):2727. 
doi:10.3390/ma14112727

57. Khan AA, AlKhureif AA, Mohamed BA, Bautista LS. Enhanced 
mechanical properties are possible with urethane dimethacry-
late-based experimental restorative dental composite. Mater Res 
Express. 2020;7:105307. doi:10.1088/2053-1591/abbf7f

58. Malik Z, Butt DQ, Butt ZQ, et al. Evolution of anticariogenic resin‐
modified glass ionomer cements. ChemBioEng Rev. 2021;8(4):326–336. 
doi:10.1002/cben.202100005

59. Dionysopoulos D, Gerasimidou O, Papadopoulos C. Modifications 
of glass ionomer cements using nanotechnology: Recent advances. 
Recent Prog Mater. 2022;4(2). doi:10.21926/rpm.2202011

60. Malekhoseini Z, Rezvani MB, Niakan M, et al. Effect of zinc oxide 
nanoparticles on physical and antimicrobial properties of  resin-
modified glass ionomer cement. Dent Res J (Isfahan). 2021;18:73. 
doi:10.4103/1735-3327.326646

61. Panahandeh N, Adinehlou F, Sheikh-Al-Eslamian SM, Torabzadeh H. 
Extract of propolis on resin-modified glass ionomer cement: Effect 
on mechanical and antimicrobial properties and dentin bonding 
strength. Int J Biomater. 2021;2021:5597837. doi:10.1155/2021/5597837

62. Pagano S, Chieruzzi M, Balloni S,  et  al. Biological, thermal and 
mechanical characterization of modified glass ionomer cements: 
The role of  nanohydroxyapatite, ciprofloxacin and zinc l-carno-
sine. Mater Sci Eng C Mater Biol Appl. 2019;94:76–85. doi:10.1016/j.
msec.2018.09.018

63. Sousa MG, Maximiano MR, Costa RA, Rezende TM, Franco OL. 
Nanofibers as drug-delivery systems for infection control in den-
tistry. Expert Opin Drug Deliv. 2020;17(7):919–930. doi:10.1080/1742
5247.2020.1762564

64. López-Ruiz M, Navas F, Fernández-García P,  et  al. L-arginine-
containing mesoporous silica nanoparticles embedded in dental 
adhesive (Arg@MSN@DAdh) for targeting cariogenic bacteria. 
J Nanobiotechnology. 2022;20(1):502. doi:10.1186/s12951-022-01714-0

65. Alavi SE, Raza A, Gholami M,  et  al. Advanced drug delivery plat-
forms for the treatment of  oral pathogens. Pharmaceutics. 
2022;14(11):2293. doi:10.3390/pharmaceutics14112293

66. Bossù M, Matassa R, Relucenti M,  et  al. Morpho-chemical obser-
vations of human deciduous teeth enamel in response to biomi-
metic toothpastes treatment. Materials (Basel). 2020;13(8):1803. 
doi:10.3390/ma13081803

67. Babayevska N, Woźniak-Budych M, Litowczenko J,  et  al. Novel 
nanosystems to enhance biological activity of  hydroxyap-
atite against dental caries. Mater Sci Eng C Mater Biol Appl. 
2021;124:112062. doi:10.1016/j.msec.2021.112062

68. Kotsakis GA, Black R, Kum J,  et  al. Effect of  implant cleaning on 
titanium particle dissolution and cytocompatibility. J Periodontol. 
2021;92(4):580–591. doi:10.1002/JPER.20-0186

69. Kandaswamy E, Sakulpaptong W, Guo X, et al. Titanium as a pos-
sible modifier of  inflammation around dental implants. Int J Oral 
Maxillofac Implants. 2022;37(2):381–390. doi:10.11607/jomi.9271

70. Paeng KW, Cha JK, Thoma DS, Jung RE, Jung UW, Benic GI. Effect 
of  collagen membrane and of  bone substitute on lateral bone 
augmentation with titanium mesh: An experimental in vivo study. 
Clin Oral Implants Res. 2022;33(4):413–423. doi:10.1111/clr.13901

https://www.saintlukeskc.org/health-library/periodontal-disease-guided-tissue-regeneration-gtr
https://www.saintlukeskc.org/health-library/periodontal-disease-guided-tissue-regeneration-gtr


Dent Med Probl. 2023;60(4):709–739 737

71. Koca‐Ünsal RB, Ünsal G, Kasnak G,  et  al. Ultrasonographic eval-
uation of  the titanium‐prepared platelet‐rich fibrin effect in 
free gingival graft procedures. J Periodontol. 2022;93(2):187–194. 
doi:10.1002/JPER.21-0076

72. Levine RA, Lai PC, Manji A, et al. Implant site development using 
titanium mesh in the maxilla: A  retrospective study of  58 mesh 
procedures in 48 patients. Int J Periodontics Restorative Dent. 
2022;42(1):43–51. doi:10.11607/prd.5530

73. Majewski P. The Ti-mesh technique: Guided bone regeneration for 
three-dimensional augmentations. Clinical aspects: A case series. 
Int J Periodontics Restorative Dent. 2022;42(2):145–153. doi:10.11607/
prd.5692

74. Romero-Resendiz L, Gómez-Sáez P, Vicente-Escuder A, Amigó-
Borrás V. Development of  Ti–In alloys by powder metallur-
gy for application as dental biomaterial. J Mater Res Technol. 
2021;11:1719–1729. doi:10.1016/j.jmrt.2021.02.014

75. Antanasova M, Kocjan A, Abram A, Kovač J, Jevnikar P. Pre-oxidation 
of  selective-laser-melted titanium dental alloy: Effects on sur-
face characteristics and porcelain bonding. J Adhes Sci Technol. 
2021;35(19):2094–2109. doi:10.1080/01694243.2021.1877003

76. Abou-Ayash S, Schimmel M, Özcan M, Ozcelik B, Brägger U, Yilmaz 
B. Trueness and marginal fit of implant-supported complete-arch 
fixed prosthesis frameworks made of high-performance polymers 
and titanium: An explorative in-vitro study. J Dent. 2021;113:103784. 
doi:10.1016/j.jdent.2021.103784

77. Curiel-Aguilera FP, Griffiths GR, Rossmann JA, Gonzalez JA. Titanium 
versus zirconia complete arch implant-supported fixed pros-
theses: A  comparison of  plaque accumulation. J Prosthet Dent. 
2021;130(3):369–375. doi:10.1016/j.prosdent.2021.10.012

78. Chahine N, Benmarouane A, Addad A, Fadel A. Study of the corro-
sion of the nickel-titanium orthodontics archwires in the mouth. 
Sch J Dent Sci. 2022;9(2):28–38. doi:10.36347/sjds.2022.v09i02.002

79. Nur’aini AM, Sjafei A, Narmada IB, Anwari SS, Rahmawati D. Per-
manent deformation comparison of  0.014 nickel-titanium ther-
mal wires using IMD Orthoshaped, American Orthodontics and 
Ormco. J Int Dent Medical Res. 2022;15(3):1013–1017. https://www.
jidmr.com/journal/wp-content/uploads/2022/09/10-D22_1838_
Ida_Bagus_Narmada_Indonesia.pdf. Accessed August 1, 2023.

80. Im C, Park JH, Jeon YM,  et  al. Improvement of  osseointegration 
of  Ti-6Al-4V ELI alloy orthodontic mini-screws through anodiza-
tion, cyclic pre-calcification, and heat treatments. Prog Orthod. 
2022;23(1):11. doi:10.1186/s40510-022-00405-8

81. Fathy Abo-Elmahasen MM, Abo Dena AS, Zhran M, Albo-
hy SA. Do silver/hydroxyapatite and zinc oxide nano-coat-
ings improve inflammation around titanium orthodontic mini-
screws? In vitro study. Int Orthod. 2023;21(1):100711. doi:10.1016/j.
ortho.2022.100711

82. Šimunović L, Blagec T, Vrankić A, Meštrović S. Color stabili-
ty of  orthodontic ceramic brackets and adhesives in potentially 
staining beverages – in vitro study. Dent J (Basel). 2022;10(7):115. 
doi:10.3390/dj10070115

83. Wu H, Yang J, Yan Y,  et  al. Study of  Al–SiO2 aesthetic composite 
coating on orthodontic metal archwire. Coatings. 2022;12(6):746. 
doi:10.3390/coatings12060746

84. De Amorim MC, Da Rocha Gomes S, Pereira da Silva B, Aoki IV, 
Basting RT. Surface micromorphology, ion release and resistance to 
corrosion of orthodontic wires aesthetic coating subject to degra-
dation. J Bio Tribo Corros. 2022;8:22. doi:10.1007/s40735-021-00621-5

85. Barkarmo S, Longhorn D, Leer K,  et  al. Biofilm formation on 
polyetheretherketone and titanium surfaces. Clin Exp Dent Res. 
2019;5(4):427–437. doi:10.1002/cre2.205

86. Gao W, Han X, Li Y,  et  al. Modification strategies for improving 
antibacterial properties of polyetheretherketone. J Appl Polym Sci. 
2022;139(36):e52847. doi:10.1002/APP.52847

87. Milinkovic I, Krasavcevic AD, Jankovic S, Sopta J, Aleksic Z. Immuno-
histochemical analysis of soft tissue response to polyetheretherk-
etone (PEEK) and titanium healing abutments on dental implants: 
A randomized pilot clinical study. BMC Oral Health. 2022;22(1):484. 
doi:10.1186/s12903-022-02536-0

88. Li L, Gao H, Wang C, Ji P, Huang Y, Wang C. Assessment of custom-
ized alveolar bone augmentation using titanium scaffolds vs poly-
etheretherketone (PEEK) scaffolds: A comparative study based on 
3D printing technology. ACS Biomater Sci Eng. 2022;8(5):2028–2039. 
doi:10.1021/acsbiomaterials.2c00060

89. Saad A, Arias CP, Wang M, et al. Biomimetic strategy to enhance 
epithelial cell viability and spreading on PEEK implants. ACS Biomater 
Sci Eng. 2022;8(12):5129–5144. doi:10.1021/acsbiomaterials.2c00764

90. Bhattarai G, Jeon YM, Choi KC,  et  al. Functional improvement 
of  collagen-based bioscaffold to enhance periodontal-defect 
healing via combination with dietary antioxidant and COMP-
angiopoietin 1. Mater Sci Eng C Mater Biol Appl. 2022;135:112673. 
doi:10.1016/j.msec.2022.112673

91. Demirci F, Tanik A. Comparison of  the effect of  denture cleans-
ers on long-term water sorption and solubility of polyetherether-
ketone with other denture base materials. Clin Exp Health Sci. 
2022;12(3):672–677. doi:10.33808/clinexphealthsci.1011897

92. Parvini P, Buser D, Pippenger BE,  et  al. Influence of  loading and 
grafting on hard‐ and soft‐tissue healing at immediately placed 
implants: An  experimental study in minipigs. J Clin Periodontol. 
2023;50(2):232–241. doi:10.1111/jcpe.13734

93. Qin L, Yao S, Zhao J, et al. Review on development and dental appli-
cations of polyetheretherketone-based biomaterials and restora-
tions. Materials (Basel). 2021;14(2):408. doi:10.3390/ma14020408

94. Alqurashi H, Khurshid Z, Yaqin Syed AU, Habib SR, Rokaya D, 
Zafar  MS. Polyetherketoneketone (PEKK): An  emerging biomaterial 
for oral implants and dental prostheses. J Adv Res. 2020;28:87–95. 
doi:10.1016/j.jare.2020.09.004

95. Gentz FI, Brooks DI, Liacouras PC, et al. Retentive forces of remov-
able partial denture clasp assemblies made from polyaryletherk-
etone and cobalt‐chromium: A comparative study. J Prosthodont. 
2022;31(4):299–304. doi:10.1111/jopr.13398

96. Igarashi K, Katagiri H, Abou‐Ayash S, Schimmel M, Afrashtehfar 
KI. Double‐crown prosthesis retention using polyetherketoneke-
tone (PEKK): An  in vitro study. J Prosthodont. 2023;32(2):154–161. 
doi:10.1111/jopr.13512

97. Wang B, Huang M, Dang P, Xie J, Zhang X, Yan X. PEEK in fixed den-
tal prostheses: Application and adhesion improvement. Polymers 
(Basel). 2022;14(12):2323. doi:10.3390/polym14122323

98. Raj DA, Chander NG, Reddy JR, Balasubramaniam M. Clinical 
acceptability of PEEK fixed dental prosthesis in partially edentu-
lous patient – A one year single arm pilot study. J Oral Biol Cranio-
fac Res. 2020;10(4):523–528. doi:10.1016/j.jobcr.2020.08.006

99. Soldatovic DM, Liebermann A, Huth KC, Stawarczyk B. Fracture 
load of different veneered and implant-supported 4-UNIT canti-
lever PEEK fixed dental prostheses. J Mech Behav Biomed Mater. 
2022;129:105173. doi:10.1016/j.jmbbm.2022.105173

100. Khurshid Z, Nedumgottil BM, Moustafa Ali RM, Bencharit S, Najeeb 
S. Insufficient evidence to ascertain the long-term survival of PEEK 
dental prostheses: A systematic review of clinical studies. Polymers 
(Basel). 2022;14(12):2441. doi:10.3390/polym14122441

101. Wang J, Yu W, Shi R,  et  al. Osseointegration behavior of  carbon 
fiber reinforced polyetheretherketone composites modified with 
amino groups: An  in vivo study. J Biomed Mater Res B Appl Biomater. 
2023;111(3):505–512. doi:10.1002/jbm.b.35167

102. Boonpok S, Koonrungsrisomboon K, Suttiat K, Yavirach P, 
Boonyawan D. Dissolution behavior of  hydrothermally treated 
hydroxyapatite-titanium nitride films coated on PEEK: In vitro 
study. J Funct Biomater. 2022;13(3):99. doi:10.3390/jfb13030099

103. Kerkfeld V, Schorn L, Depprich R,  et  al. Simultaneous PSI-based 
orthognathic and PEEK bone augmentation surgery leads to 
improved symmetric facial appearance in craniofacial malforma-
tions. J Pers Med. 2022;12(10):1653. doi:10.3390/jpm12101653

104. Ongphichetmetha N, Lertpimonchai A, Champaiboon C. Bio-
active glass and arginine dentifrices immediately relieved den-
tine hypersensitivity following non‐surgical periodontal therapy: 
A  randomized controlled trial. J Periodontol. 2022;93(2):248–257. 
doi:10.1002/JPER.21-0091

105. Williams DF. Biocompatibility pathways and mechanisms for bio-
active materials: The bioactivity zone. Bioact Mater. 2022;10:306–322. 
doi:10.1016/j.bioactmat.2021.08.014

106. Cannio M, Bellucci D, Roether JA, Boccaccini DN, Cannillo V. Bio-
active glass applications: A  literature review of human clinical trials. 
Materials (Basel). 2021;14(18):5440. doi:10.3390/ma14185440

107. Behzadi S, Mohammadi Y, Rezaei-Soufi L, Farmany A. Occlusion 
effects of bioactive glass and hydroxyapatite on dentinal tubules: 
A  systematic review. Clin Oral Investig. 2022;26(10):6061–6078. 
doi:10.1007/s00784-022-04639-y

https://www.jidmr.com/journal/wp-content/uploads/2022/09/10-D22_1838_Ida_Bagus_Narmada_Indonesia.pdf
https://www.jidmr.com/journal/wp-content/uploads/2022/09/10-D22_1838_Ida_Bagus_Narmada_Indonesia.pdf
https://www.jidmr.com/journal/wp-content/uploads/2022/09/10-D22_1838_Ida_Bagus_Narmada_Indonesia.pdf


M.J. Woźniak-Budych, M. Staszak, K. Staszak. Biomaterials for dental applications738

108. Chopra S, Bansal P, Bansal P. Essix appliance: An  innovation modi-
fication for use as temporary bridge – a  case report. J Adv Med 
Dent Scie Res. 2020;8(1):184–186. https://jamdsr.com/uploadfiles
/44ESSIXAPPLIANCEVOL8ISSUE1PP184-186.20200221072919.pdf. 
Accessed August 1, 2023.

109. Moslemi M, Mahmodabadi M, Bastani Z, Sadrabad ZK, Faghihi FS, 
Shadkar Z. Evaluation of remineralization effect of various tooth-
pastes on white spot enamel lesions: An in vitro study. Am J Pediatr. 
2022;8(2):91–97. doi:10.11648/j.ajp.20220802.17

110. Al Shehab A, Bakry AS, Hill R, Alsulaimani FF, Abbassy MA. Eval-
uation of  bioactive glass and low viscosity resin as orthodontic 
enamel sealer: An  in vitro study. J Funct Biomater. 2022;13(4):191. 
doi:10.3390/jfb13040191

111. Salah R, Afifi RR, Kehela HA, Aly NM, Rashawan M, Hill RG. Effi-
cacy of  novel bioactive glass in the treatment of  enamel white 
spot lesions: A randomized controlled trial. J Evid Based Dent Pract. 
2022;22(4):101725. doi:10.1016/j.jebdp.2022.101725

112. Almuraikhi T. Evaluation of  the impact of  different disinfectants 
on color stability of denture base materials: A comparative study. 
J Contemp Dent Pract. 2022;23(5):543–547. doi:10.5005/jp-jour-
nals-10024-3328

113. Szerszeń M, Cierech M, Wojnarowicz J, Górski B, Mierzwińska-
Nastalska E. Color stability of  zinc oxide poly(methyl methac-
rylate) nanocomposite – a  new biomaterial for denture bases. 
Polymers (Basel). 2022;14(22):4982. doi:10.3390/polym14224982

114. Mohd Farid DA, Husna Zahari NA, Said Z, et al. Modification of poly-
mer based dentures on biological properties: Current update, sta-
tus, and findings. Int J Mol Sci. 2022;23(18):10426. doi:10.3390/
ijms231810426

115. Zore A, Abram A, Učakar A,  et  al. Antibacterial effect of  poly-
methyl methacrylate resin base containing TiO2 nanoparticles. 
Coatings. 2022;12(11):1757. doi:10.3390/coatings12111757

116. Malisic V, Gajic V, Porobic S, Pataric A, Putic S, Vujcic I. The effect 
of  gamma irradiation on the synthesis, microbiological steril-
ity, and improvement of  properties of  PMMA-Al2O3 composite 
used in dental prosthesis manufacturing. SSRN. 2022. doi:10.2139/
ssrn.4215159

117. Punset M, Brizuela A, Pérez-Pevida E, Herrero-Climent M, 
Manero JM, Gil J. Mechanical characterization of dental prosthe-
ses manufactured with PMMA-graphene composites. Materials 
(Basel). 2022;15(15):5391. doi:10.3390/ma15155391

118. Pagano S, Lombardo G, Caponi S,  et  al. Bio-mechanical char-
acterization of  a  CAD/CAM PMMA resin for digital removable 
prostheses. Dent Mater. 2021;37(3):e118–e130. doi:10.1016/j.den-
tal.2020.11.003

119. Sidhom M, Zaghloul H, El-Sayed Mosleh I, Eldwakhly E. Effect 
of  different CAD/CAM milling and 3D printing digital fabrica-
tion techniques on the accuracy of  PMMA working models and 
vertical marginal fit of  PMMA provisional dental prosthesis: 
An  in vitro study. Polymers (Basel). 2022;14(7):1285. doi:10.3390/
polym14071285

120. Juntavee N, Juntavee A, Phetpanompond S. Masking ability of dif-
ferent ceramics upon various underlying structures. J Esthet Restor 
Dent. 2022;34(2):430–439. doi:10.1111/jerd.12881

121. Al-Dwairi ZN, Al-Aghbari L, Al-Haj Husain N, Özcan M. Durabil-
ity of  cantilever inlay-retained fixed dental prosthesis fabricat-
ed from multilayered zirconia ceramics with different designs. 
J Mech Behav Biomed Mater. 2023;137:105547. doi:10.1016/j.
jmbbm.2022.105547

122. Daou EE. Effect of ceramic layering on the fit of cobalt-chromium 
alloy 3-unit fixed dental prostheses fabricated by additive, soft 
milling, and casting technologies. J Prosthet Dent. 2021;126(1):130.
e1-130.e7. doi:10.1016/j.prosdent.2021.03.033

123. Spitznagel FA, Hoppe JS, Bonfante EA, Campos TM, Langner R, 
Gierthmuehlen PC. Failure load and fatigue behavior of  mono-
lithic and bi-layer zirconia fixed dental prostheses bonded to 
one-piece zirconia implants. Materials (Basel). 2022;15(23):8465. 
doi:10.3390/ma15238465

124. Rammelsberg P, Meyer A, Lorenzo-Bermejo J, Kappel S, 
Zenthöfer  A. Long-term chipping and failure rates of  implant-
supported and combined tooth-implant-supported metal-ceramic 
and ceramic fixed dental prostheses: A  cohort study. J Prosthet 
Dent. 2021;126(2):196-203. doi:10.1016/j.prosdent.2020.05.020

125. Balmer M, Payer M, Kohal RJ, Spies BC. EAO position paper: Cur-
rent level of evidence regarding zirconia implants in clinical trials. 
Int J Prosthodont. 2022;35(4):560–566. doi:10.11607/ijp.8131

126. Reclaru L, Ardelean LC, Miu CA, Grecu AF. Are zirconia bioceram-
ics and ceramics intended to come in contact with skin inert? 
Materials (Basel). 2020;13(7):1697. doi:10.3390/ma13071697

127. Pereverzyev V. Osseointegration and biocompatibility of  zir-
conia implants. ResearchBerg Review of  Science and Technology. 
2021;1(1):1–8. doi:10.17613/x9bc-5z30

128. Safi IN, Ali Hussein BM, Al-Shammari AM. Bio-hybrid dental 
implants prepared using stem cells with β-TCP-coated titani-
um and zirconia. J Periodontal Implant Sci. 2022;52(3):242–257. 
doi:10.5051/jpis.2006080304

129. Assery N, Alomeir N, Zeng Y, Xiao J, Tsigarida A. The effect of Er:YAG 
laser treatment on biofilm formation on titanium and zirconia disc 
surfaces. J Periodontol. 2023;94(3):344–353. doi:10.1002/JPER.22-0243

130. Stein JM, Conrads G, Abdelbary MM, et al. Antimicrobial efficiency 
and cytocompatibility of  different decontamination methods 
on titanium and zirconium surfaces. Clin Oral Implants Res. 
2023;34(1):20–32. doi:10.1111/clr.14014

131. Ayna M, Spille J, Açil Y, et al. Investigation of topographical alter-
ations in titanium-zirconium-alloy implant threads following 
Er:YAG irradiation. Materials (Basel). 2022;15(22):7889. doi:10.3390/
ma15227889

132. Cai P, Zhuo Y, Lin J, Zheng Z. Er:YAG laser removal of zirconia crowns 
on titanium abutment of dental implants: An in vitro study. BMC 
Oral Health. 2022;22(1):396. doi:10.1186/s12903-022-02427-4

133. Birand C, Kurtulmus-Yilmaz S. Evaluation of Er,Cr:YSGG laser irra-
diation for debonding of  zirconia hybrid abutment crowns from 
titanium bases. Lasers Med Sci. 2022;37(6):2675–2685. doi:10.1007/
s10103-022-03539-7

134. Son K, Lee JH, Lee KB. Comparison of  intaglio surface true-
ness of  interim dental crowns fabricated with SLA 3D printing, 
DLP 3D printing, and milling technologies. Healthcare (Basel). 
2021;9(8):983. doi:10.3390/healthcare9080983

135. Shin SH, Lim JH, Kang YJ, Kim JH, Shim JS, Kim JE. Evaluation of the 
3D printing accuracy of  a  dental model according to its internal 
structure and cross-arch plate design: An in vitro study. Materials 
(Basel). 2020;13(23):5433. doi:10.3390/ma13235433

136. Mai HN, Hyun DC, Park JH, Kim DY, Lee SM, Lee DH. Antibacte-
rial drug-release polydimethylsiloxane coating for 3D-printing 
dental polymer: Surface alterations and antimicrobial effects. 
Pharmaceuticals (Basel). 2020;13(10):304. doi:10.3390/ph13100304

137. Schönhoff LM, Mayinger F, Eichberger M, Reznikova E, Stawarc-
zyk B. 3D printing of  dental restorations: Mechanical properties 
of  thermoplastic polymer materials. J Mech Behav Biomed Mater. 
2021;119:104544. doi:10.1016/j.jmbbm.2021.104544

138. Park SM, Park JM, Kim SK, Heo SJ, Koak JY. Flexural strength 
of  3D-printing resin materials for provisional fixed dental 
prostheses. Materials (Basel). 2020;13(18):3970. doi:10.3390/ma13183970

139. Schmidt A, Kididane I, Schlenz MA, Wöstman B, Kolling S, Schrad-
er P. Finite element simulation of  fixed dental prostheses made 
from PMMA – Part I: Experimental investigation under quasi-static 
loading and chewing velocities. Dent Mater J. 2021;40(3):704–711. 
doi:10.4012/dmj.2020-230

140. Schrader P, Kolling S, Schlenz MA, Wöstmann B, Schmidt A. Finite 
element simulation of fixed dental prostheses made from PMMA 
– Part II: Material modeling and nonlinear finite element analysis. 
2021;40(4):894–902. doi:10.4012/dmj.2020-231

141. Wahju Ardani IG, Nugraha AP, Suryani MN, et al. Molecular dock-
ing of  polyether ether ketone and nano-hydroxyapatite as bio-
material candidates for orthodontic mini-implant fabrication. 
J Pharm Pharmacogn Res. 2022;10(4):676–686. doi:10.56499/
jppres22.1371_10.4.676

142. Mieszala C, Schmidt JG, Becker K, Willmann JH, Drescher D. Digi-
tal design of different transpalatal arches made of polyether ether 
ketone (PEEK) and determination of  the force systems. Appl Sci. 
2022;12(3):1590. doi:10.3390/app12031590

143. Anh TN, Hamanaka R, Jinnai S,  et  al. Simulation of  orthodontic 
tooth movement during activation of an innovative design of clos-
ing loop using the finite element method. Am J Orthod Dentofacial 
Orthop. 2021;160(2):240–249. doi:10.1016/j.ajodo.2020.04.026

https://jamdsr.com/uploadfiles/44ESSIXAPPLIANCEVOL8ISSUE1PP184-186.20200221072919.pdf
https://jamdsr.com/uploadfiles/44ESSIXAPPLIANCEVOL8ISSUE1PP184-186.20200221072919.pdf


Dent Med Probl. 2023;60(4):709–739 739

144. 3M™ Incognito™ Lite Appliance System brochure. https://
multimedia.3m.com/mws/media/797603O/incognitolite-doctor-
brochure-70-2021-4933-5.pdf. Accessed August 1, 2023.

145. Sharp IG, Minick G, Carey C, Shellhart CW, Tilliss T. Assessment 
of  simulated vs actual orthodontic tooth movement with a  cus-
tomized fixed lingual appliance using untreated posterior teeth 
for registration and digital superimposition: A retrospective study. 
Am J Orthod Dentofacial Orthop. 2022;161(2):272–280. doi:10.1016/j.
ajodo.2021.02.018

146. Milone D, Fiorillo L, Alberti F,  et  al. Stress distribution and fail-
ure analysis comparison between zirconia and titanium dental 
implants. Procedia Struct Integr. 2022;41:680–691. doi:10.1016/j.
prostr.2022.05.077

147. Patil V, Naik N, Gadicherla S, Smriti K, Raju A, Rathee U. Biome-
chanical behavior of bioactive material in dental implant: A three-
dimensional finite element analysis. ScientificWorldJournal. 
2020;2020:2363298. doi:10.1155/2020/2363298

148. Miljanovic D, Seyedmahmoudian M, Horan B, Stojcevski A. Novel 
and accurate 3D-printed surgical guide for mandibular recon-
struction with integrated dental implants. Comput Biol Med. 
2022;151(Pt B):106327. doi:10.1016/j.compbiomed.2022.106327

149 Hussein MO. Performance of  graphene-based and polyether-
ether-ketone polymers as removable partial denture esthetic clasp 
materials after cyclic fatigue. Polymers (Basel). 2022;14(15):2987. 
doi:10.3390/polym14152987

150. Kose C Jr., Oliveira D, Pereira PN, Rocha MG. Using artificial intel-
ligence to predict the final color of  leucite-reinforced ceramic 
restorations. J Esthet Restor Dent. 2023;35(1):105–115. doi:10.1111/
jerd.13007

151. Lerner H, Mouhyi J, Admakin O, Mangano F. Artificial intelli-
gence in fixed implant prosthodontics: A  retrospective study 
of 106 implant-supported monolithic zirconia crowns inserted in 
the posterior jaws of 90 patients. BMC Oral Health. 2020;20(1):80. 
doi:10.1186/s12903-020-1062-4

152. Suryawanshi A, Behera N. Prediction of  wear of  dental compos-
ite materials using machine learning algorithms. Comput Methods 
Biomech Biomed Engin. 2023:1-11. doi:10.1080/10255842.2023.2187671

153. Staszak M, Staszak K, Wieszczycka K, Bajek A, Roszkowski K, 
Tylkowski B. Machine learning in drug design: Use of  artificial 
intelligence to explore the chemical structure–biological activity 
relationship. Wiley Interdiscip Rev Comput Mol Sci. 2022;12(2):e1568. 
doi:10.1002/wcms.1568

154. Prahasanti C, Nugraha AP, Kharisma VD,  et  al. A  bioinformatic 
approach of hydroxyapatite and polymethylmethacrylate compos-
ite exploration as dental implant biomaterial. J Pharm Pharmacogn 
Res. 2021;9(5):746–754. doi:10.56499/jppres21.1078_9.5.746

155. Riaz F, Hossain MS, Roney M, et al. Evaluation of potential bacterial 
protease inhibitor properties of selected hydroxyquinoline deriv-
atives: An  in silico docking and molecular dynamics simulation 
approach. J Biomol Struct Dyn. 2023;41(19):9756–9769. doi:10.1080/
07391102.2022.2146200

156. Özcan M. Grand challenges in reconstructive dentistry. Front Dent 
Med. 2021;2:604776. doi:10.3389/fdmed.2021.604776

157. Palacios T, Tarancón S, Abad C, Pastor JY. Saliva influence on 
the mechanical properties of  advanced CAD/CAM composites 
for indirect dental restorations. Polymers (Basel). 2021;13(5):808. 
doi:10.3390/polym13050808

158. Kielbassa AM, Oehme EP, Shakavets N, Wolgin M. In vitro wear 
of (resin-coated) high-viscosity glass ionomer cements and glass 
hybrid restorative systems. J Dent. 2021;105:103554. doi:10.1016/j.
jdent.2020.103554

159. Mahajan A, Sidhu SS. Surface modification of metallic biomaterials 
for enhanced functionality: A review. Mater Technol. 2018;33(2):93-105. 
doi:10.1080/10667857.2017.1377971

160. Chen T, Jinno Y, Atsuta I, et al. Current surface modification strat-
egies to improve the binding efficiency of emerging biomaterial 
polyetheretherketone (PEEK) with bone and soft tissue: A  litera-
ture review. J Prosthodont Res. 2023;67(3):337–347. doi:10.2186/jpr.
JPR_D_22_00138

161. Șaramet V, Meleșcanu-Imre M, Țâncu AMC, Albu CC, Ripszky-
Totan A, Pantea M. Molecular interactions between saliva and 
dental composites resins: A  way forward. Materials (Basel). 
2021;14(10):2537. doi:10.3390/ma14102537

162. Jandt KD, Watts DC. Nanotechnology in dentistry: Present 
and future perspectives on dental nanomaterials. Dent Mater. 
2020;36(11):1365–1378. doi:10.1016/j.dental.2020.08.006

163. Cieplik F, Hiller KA, Buchalla W, Federlin M, Scholz KJ. Randomized 
clinical split-mouth study on a novel self-adhesive bulk-fill restor-
ative vs. a conventional bulk-fill composite for restoration of class 
II cavities – results after three years. J Dent. 2022;125:104275. 
doi:10.1016/j.jdent.2022.104275

164. Marovic D, Par M, Posavec K, et al. Long-term assessment of con-
temporary ion-releasing restorative dental materials. Materials 
(Basel). 2022;15(12):4042. doi:10.3390/ma15124042

165. Amend S, Boutsiouki C, Bekes K,  et  al. Clinical effectiveness 
of restorative materials for the restoration of carious primary teeth 
without pulp therapy: A systematic review. Eur Arch Paediatr Dent. 
2022;23(5):727–759. doi:10.1007/s40368-022-00725-7

166. Wei CX, Burrow MF, Botelho MG, Lam H, Leung WK. In vitro salivary 
protein adsorption profile on titanium and ceramic surfaces and 
the corresponding putative immunological implications. Int J Mol 
Sci. 2020;21(9):3083. doi:10.3390/ijms21093083

167. Lehnfeld J, Dukashin Y, Mark J,  et  al. Saliva and serum protein 
adsorption on chemically modified silica surfaces. J Dent Res. 
2021;100(10):1047–1054. doi:10.1177/00220345211022273

168. Chapter 9 – Restorative materials: Resin composites and poly-
mers. In: Sakaguchi R, Powers J, Ferracane J, eds. Craig’s Restorative 
Dental Materials. 14th ed. Maryland Heights, MO: Elsevier/Mosby; 
2019:135–170. doi:10.1016/B978-0-323-47821-2.00009-3

169. Barszczewska-Rybarek IM, Chrószcz MW, Chladek G. Novel 
urethane-dimethacrylate monomers and compositions for 
use as matrices in dental restorative materials. Int J Mol Sci. 
2020;21(7):2644. doi:10.3390/ijms21072644

170. Ho D, Quake SR, McCabe ER,  et  al. Enabling technologies 
for personalized and precision medicine. Trends Biotechnol. 
2020;38(5):497–518. doi:10.1016/j.tibtech.2019.12.021

171. Al-Taee L, Deb S, Banerjee A. An in vitro assessment of the physical 
properties of  manually-mixed and encapsulated glass-ionomer 
cements. BDJ Open. 2020;6:12. doi:10.1038/s41405-020-0040-x

https://multimedia.3m.com/mws/media/797603O/incognitolite-doctorbrochure-70-2021-4933-5.pdf
https://multimedia.3m.com/mws/media/797603O/incognitolite-doctorbrochure-70-2021-4933-5.pdf
https://multimedia.3m.com/mws/media/797603O/incognitolite-doctorbrochure-70-2021-4933-5.pdf


Dental 
and Medical Problems

2023, Vol. 60, N
o. 4 (O

ctober–D
ecem

ber)
D

ental and M
edical Problem

s


	Contents
	Journal Impact Factor and highly cited papers: The beginning of a new era in Dental and Medical Problems
	Bacterial species and factors influencing the contamination of the inner and outer layers of face masks used in dentistry
	Influence of the frameworks of implant-supported prostheses and implant connections on stress distribution
	Comparison of gray-level detectability on computer monitors among several dental specialties: A web-based study
	Association between drinking water fluoride and the serum alkaline phosphatase and phosphate levels in pregnant women and newborn infants
	Relationship between the salivary concentrations of proteinase-3 and interleukin-8 and severe early childhood caries
	Efficacy of root coverage with the use of the conventional versus laser-assisted flap technique with platelet-rich fibrin in class I and class II gingival recession: A randomized clinical trial
	Evaluation of knowledge and awareness about teledentistry among dentists and patients living in Turkey
	Investigation of the relationship between probable sleep bruxism, awake bruxism and temporomandibular disordersusing the Diagnostic Criteria for Temporomandibular Disorders (DC/TMD)
	Relationship between pain severity, satisfaction with life and the quality of sleep in Polish adults with temporomandibular disorders
	Comparison of the analgesic effects of single-dose 75 mg oral pregabalin versus single-dose 400 mg oral ibuprofen after impacted third mandibular molar surgery: A randomized, double-blind, split-mouth clinical trial
	Novel association between single-nucleotide polymorphisms of IKKβ at rs17875746 and rs12676482 and periodontitis
	Prevalence of high blood pressure in periodontal patients: A pilot study
	Mechanical performance of a conventional resin composite and its bulk-fill restorative counterpart after long-term accelerated aging
	Viability of bacteria associated with root caries after Nd:YAG laser application in combination with various antimicrobial agents: An in vitro study
	Physical analysis of an acrylic resin modified by metal and ceramic nanoparticles
	Effectiveness of methods for removing the Candida albicans biofilm from the dental acrylic surface
	Effect of mechanical forces on the behavior of osteoblasts: a systematic review of in vitro studies
	Dental implants for patients with oral mucosal diseases: A narrative review and clinical guidance
	Impact of nutrition on the condition of the oral mucosa and periodontium: A narrative review
	A critical review of dental biomaterials with an emphasis on biocompatibility

