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a potent inflammatory mediator, and a stimulator of osteo-
clastogenesis and bone resorption during periodon-
titis. Thus, IKKB is a crucial modulator of osteoclast
preservation and a necessary component of inflammation-
induced bone loss, unlike IKKa.*° This finding is corrobor-
ated by the significant positive association between IKKf3
rs17875746 and tooth mobility, CAL and GR.

Interpretation

Variations in the IKK( gene have been linked to many
inflammatory and proliferative diseases through the se-
cretion of inflammatory cytokines, such as IL-1p and
IL-6, which have substantial effects also on the patho-
genesis of periodontitis.®?2 Thus, the gene polymorphisms
of IKKB 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-kB.?

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.?*-28

The genetic variants of IKKB polymorphisms at
rs12676482 have been evaluated for their role in vari-
ous disease states, such as the tumor risk in nasopharyn-
geal carcinoma tissues? and the risk of systemic lupus
erythematosus in the Chinese population.®® However,
another study on the Chinese population showed no
genetic predisposition to systemic lupus erythematosus
risk at rs12676482.3 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.’® Thus, in the
present study, 2 SNPs of the IKK[3 gene at rs17875746 and
rs12676482 were investigated and tested to determine
their associations with the periodontitis risk in a sample
of the Iragi population. Unfortunately, no references or
studies were available to make comparisons with the cur-
rent results on IKKp polymorphisms.

Complex diseases such as periodontitis are character-
ized by polygenic causes, and the genes involved in these
diseases are regarded as susceptibility genes.®? 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.3® Therefore, in this study, we observed patients
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of the same ethnic background (Iragi 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 lIragi population. Homozygous TT and
heterozygous 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
IKK[ gene and susceptibility to periodontitis in an Iraqi
Arab population. Furthermore, the main findings of the
study specified that IKK[ 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 IKKP gene and the IKK[3 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 IKK[B 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 IKKf to periodontitis in addition to other
risk factors, i.e., pathological, genetic and environmental
ones, because of its complicated nature.

Ethics approval and consent to participate

The study was approved by the Institutional Ethics
Committee of the College of Dentistry at the University
of Baghdad, Irag (No. 453). Written informed consent
was obtained from each patient.
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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, o 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.! High blood
pressure affects approx. 30—40% of the adult population
worldwide.? It is estimated that 1.39 billion people had
hypertension in 2010,® and it remains the leading cause
of premature death in the world (10.4 million deaths per
year).* 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.>®

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 population” and one of its etio-
logical mechanisms is a chronic inflammation response
catalyzed by multiple mediators.8°

The high prevalence of hypertension and periodontitis
as well as their etiological similarities have been the sub-
ject of increased research.'® Recent articles suggest a pos-
sible causal relationship between the two conditions.!
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.>-*# Furthermore, recent evidence sug-
gests that the treatment of periodontitis could benefit
blood pressure levels.1115

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

De nition 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-

N. Lanau, J. Mareque-Bueno, M. Zahalza. High blood pressure and periodontitis

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.36

Prehypertension, renamed high-normal blood pres-
sure in the 2018 European Society of Cardiology (ESC)
and the European Society of Hypertension (ESH) guide-
lines,? is defined as SBP of 130—139 mmHg and/or DBP
of 85—-89 mmHyg. In this classification,> 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.

De nition of periodontitis

According to the 2017 World Workshop on the Clas-
sification of Periodontal and Peri-implant Diseases and
Conditions,"!8 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. 2018/0DI-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/m?), healthy weight
(18.5—24.9 kg/m?), overweight (25—29.9 kg/m?), and obe-
sity (=30 kg/m?).%9

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.

Collectedclinical dataincluded 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.® 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.?
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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/m? were classified as healthy
weight, and values above 25 kg/m? 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/m?, 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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Table 1. Prevalence of hypertension, high-normal blood pressure and normal blood pressure in patients with periodontitis

Total population

Variable
Gender male 19 (47.5)
n (%) female 21(525)
<35 6 (15)
Age [years] ¥
n (%) 35-59 29 (72.5)
=60 5(155)
Blood pressure SBP 126.25 +11.07
levels [mmHg]
M £SD DBP 84.41 +7.96
Smoking yes 20 (50)
n (%) no 20 (50)
BMI 18.5-25 (healthy weight) 22 (55)
n (%) >25 (overweight or obesity) 18 (45)

S brtigg-g::ersrgjrle bloo'\:jo;rjr::!sure
(15%)
n==6
3(50) 15 (55.56) 1(14.29)
3(50) 12 (44.44) 6 (85.71)
0(0) 5(18.6) 1(14.28)
4(66.7) 20 (74) 5(71.43)
2(333) 2(74) 1(14.28)
14058 +£10.74 1269 +6.5 11142 +7.28
91.16 +6.7 85.83 +6 73.14 £3.93
2(333) 16 (59.26) 2(2857)
4 (66.7) 11 (40.74) 5 (71.43)
2(333) 16 (59.26) 4(57.14)
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.

40 -
Age groups

35 >60 m35-59 m<35

Total population Normal BP

Hypertension

High-normal BP

Fig. 1. Distribution of the patients'age by blood pressure (BP) values

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 3" 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%.2-2* 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.
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High-normal blood pressure is associated with
a 3 times greater likelihood of developing hypertension.*
Moreover, a strong association has been found between
this status, coronary artery disease and cardiovascular
mortality.?>* High-normal blood pressure is also associ-
ated with a worse cardiovascular risk profile and a high
prevalence of metabolic disorders.?® Thus, it is essential
to implement early detection, prevention and treatment
strategies, not only for hypertensive patients, but also for
those in prehypertensive states.?32*

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.?

The majority of patients with high-normal blood pres-
sure (69%) do not qualify for drug therapy and are advised
to make lifestyle changes.?® 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
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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
ttest 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
hefore 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
asignificant 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.*? 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.®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.®

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.®’

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
orabsorb it. As aresult, they play a key role in light curing,
increasing translucency and aesthetics.® 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.® 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.’® A polymer-based material,
such as composite resin, can endure deterioration when
used in the mouth but its characteristics such as hard-
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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.:3

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.’* 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.t®

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.>!¢ Clinical studies on the bulk-fill
class of RBCs are limited and have short follow-up pe-
riods.t” However, bulk-fill RBCs seem to be a promising
alternative for posterior restorations due to their ease of
use and faster restoration time.®

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.’*?° 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
(1SO) recommends the use of 25 mm x 2 mm x 2 mm
specimens for flexural testing.?! 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 1SO 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.?

The mini-flexural test was chosen for this investigation
because of its clinical relevance, higher efficiency and
a significant correlation with the 1SO flexural test.2® The
material for RBCs was compressed between 2 glass plates
with intervening mylar sheets, separated by a steel mold
measuring 16 mm x 2 mm x 2 mm, to produce the speci-
mens.® The specimens were irradiated on the top surface,
as indicated by 1SO 4049 standards.?*

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/cm? 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):

3FL
2bh?

Flexural strength -

)

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].
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The flexural modulus [MPa] was determined using the
following formula (Equation 2):

3
Flexural modulus = L 2
4dbh’

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.® 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 Prifgeratebau
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).*2 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.?2 The SEM photomi-
crographs were taken at x2,000 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 1SO 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).



644

F. Naser Alavi, M. Ghavami-Lahiji, P Habibi. Mechanical performance of resin composite

Table 1. Flexural strength and  exural modulus of the tested materials

Flexural strength [MPa]

Flexural modulus [GPa]

RBC type : : . :
<0.001* 359 +0.86° 303+0.79? 017*
409 +0.99° 312 +0912 0.136*
- 028" 084% -

Conventional 12950 +21.322 7359 +14.39°
‘ Bulk-ill 120.05 +19.35% 5262 £8.19°
' pvalue 034 <0001+

<0.001*

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

Microhardness [kgf/mm?]

RBC type
Conventional  8405+1488° 8643 +7.16° 0616*
Bulk il 8303+1045° 7588 +4.88° 048" |
pvalue 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).

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.

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 (x2,000 magnification).

Fig. 2. Scanning electron microscopy photomicrographs of a Master-Fil™
bulk- Il resin composite before (A) and after (B) hydrothermal aging

Pit defects are marked with an arrow (x2,000 magnification).

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.?
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 Benalcazar Jalkh et al.,*4
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., llie et al.? and Riz-
zante et al.?* 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.??

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.® These changes may weaken the poly-
mer network and decrease the resistance of these ma-
terials to moisture.?®> A further reduction of the flexural
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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 Benalcazar Jalkh et al.,** 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 1SO 4049 recommends a minimum flexural
strength of 80 MPa for restorative materials affecting out-
er occlusal surfaces.?! 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 1SO 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.?

Although 1SO 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.2427

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.®?® 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.>2 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.® 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.
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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.?>?°

In a study conducted by Rizzante et al.,>* 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.*® 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.3!%?

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
llie et al.? and Puspitasari et al.3! 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.®® and
Ghavami-Lahiji et al.'? 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,222 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
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free space, resulting in greater thermal stability.3*% 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.?’

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.
Ethics approval and consent to participate

Not applicable.

F. Naser Alavi, M. Ghavami-Lahiji, P. Hahibi. Mechanical performance of resin composite

Data availability

All data generated and/or analyzed during this study is
included in this published article.

Consent for publication

Not applicable.

ORCID iDs

Fereshteh Naser Alavi  https://orcid.org/0000-0002-4879-5434
Mehrsima Ghavami-Lahiji  https://orcid.org/0000-0002-2640-2281
Parham Habibi  https://orcid.org/0000-0001-8329-868X

References

1. Ferracane JL. Resin composite-state of the art. Dent Mater.
2011;27(1):29-38. doi:10.1016/j.dental.2010.10.020
2. Eweis AH, Yap AU, Yahya NA. Comparison of flexural properties
of bulk-fill restorative/flowable composites and their conventional
counterparts. Oper Dent. 2020;45(1):41-51. d0i:10.2341/18-133-L
3. Flury S,HayozS, Peutzfeldt A, Husler J, Lussi A. Depth of cure of resin
composites: Is the ISO 4049 method suitable for bulk fill materials?
Dent Mater. 2012;28(5):521-528. doi:10.1016/j.dental.2012.02.002
4. Yap AUJ, Pandya M, Toh WS. Depth of cure of contemporary
bulk-fill resin-based composites. Dent Mater J. 2016;35(3):503-510.
doi:10.4012/dmj.2015-402
5. Par M, Gamulin O, Marovic D, Klaric E, Tarle Z. Raman spectroscopic
assessment of degree of conversion of bulk-fill resin composites—
changes at 24 hours post cure. Oper Dent. 2015;40(3):E92-E101.
doi:10.2341/14-091-L
6. Chesterman J, Jowett A, Gallacher A, Nixon P. Bulk-fill resin-based
composite restorative materials: Areview. BrDentJ. 2017,222(5):337-344.
doi:10.1038/sj.bdj.2017.214
7. Oivanen M, Keulemans F, Garoushi S, Vallittu PK, Lassila L. The
effect of refractive index of fillers and polymer matrix on trans-
lucency and color matching of dental resin composite. Biomater
Investig Dent. 2021;8(1):48-53. doi:10.1080/26415275.2021.1906879
8. KimJJ,MoonHJ,LimBS, Lee YK, Rhee SH, Yang HC. The effect of nano-
filler on the opacity of experimental composites. J Biomed Mater Res
B Appl Biomater. 2007;80(2):332-338. d0i:10.1002/jbm.b.30601
9. llie N, Bucuta S, Draenert M. Bulk-fill resin-based composites: An in
vitro assessment of their mechanical performance. Oper Dent.
2013;38(6):618—625. d0i:10.2341/12-395-L
10. Souza ROA, Ozcan M, Michida SMA, et al. Conversion degree of indi-
rect resin composites and effect of thermocycling on their physi-
cal properties. J Prosthodont. 2010;19(3):218-225. d0i:10.1111/j.1532-
849X.2009.00551.x
11. Toledano M, Osorio R, Osorio E, Fuentes V, Prati C, Garcia-Godoy F.
Sorption and solubility of resin-based restorative dental materials.
JDent. 2003;31(1):43-50. doi:10.1016/s0300-5712(02)00083-0
12. Ghavami-Lahiji M, Firouzmanesh M, Bagheri H, Jafarzadeh Kashi TS,
Razazpour F, Behroozibakhsh M. The effect of thermocycling on
the degree of conversion and mechanical properties of a micro-
hybrid dental resin composite. Restor Dent Endod. 2018;43(2):e26.
doi:10.5395/rde.2018.43.e26
13. Wang L, D’Alpino PHP, Lopes LG, Pereira JC. Mechanical proper-
ties of dental restorative materials: Relative contribution of labo-
ratory tests. J Appl Oral Sci. 2003;11(3):162-167. doi:10.1590/s1678-
77572003000300002
14. Benalcazar Jalkh EB, Machado CM, Gianinni M, et al. Effect
of thermocycling on biaxial flexural strength of CAD/CAM, bulk
fill, and conventional resin composite materials. Oper Dent.
2019;44(5).E254-E262. d0i:10.2341/18-146-L
15. Gale MS, Darvell BW. Thermal cycling procedures for laboratory
testing of dental restorations. J Dent. 1999;27(2):89-99. doi:10.1016/
s0300-5712(98)00037-2
16. Czasch P, llie N. In vitro comparison of mechanical properties
and degree of cure of bulk fill composites. Clin Oral Investig.
2013;17(1):227-235. d0i:10.1007/s00784-012-0702-8



Dent Med Probl. 2023;60(4):641-647 647

17. Veloso SRM, Lemos CAA, de Moraes SLD, do Egito Vasconcelos BC,
Pellizzer EP, de Melo Monteiro GQ. Clinical performance of bulk-fill
and conventional resin composite restorations in posterior
teeth: A systematic review and meta-analysis. Clin Oral Investig.
2019;23(1):221-233. doi:10.1007/s00784-018-2429-7

18. Bellinaso MD, Soares FZM, de Olivera Rocha R. Do bulk-fill resins
decrease the restorative time in posterior teeth? A systematic
review and meta-analysis of in vitro studies. J Investig Clin Dent.
2019;10(4):e12463. doi:10.1111/jicd.12463

19. Pirmoradian M, Hooshmand T, Jafari-Semnani S, Fadavi F. Degree
of conversion and microhardness of bulk-fill dental composites
polymerized by LED and QTH light curing units. J Oral Biosci.
2020;62(1):107-113. d0i:10.1016/j.job.2019.12.004

20. Benetti A, Havndrup-Pedersen C, Honoré D, Pedersen MK,
Pallesen U. Bulk-fill resin composites: Polymerization contraction,
depth of cure, and gap formation. Oper Dent. 2015;40(2):190-200.
doi:10.2341/13-324-L

21. International Organization for Standardization. ISO 4049. Dentistry.
Polymer-based restorative materials. https://www.iso.org/stan-
dard/67596.html. Accessed January 21, 2022.

22. OjaJ, Lassila L, Vallittu PK, Garoushi S. Effect of accelerated aging
on some mechanical properties and wear of different commercial
dental resin composites. Materials (Basel). 2021;14(11):2769.
doi:10.3390/mal4112769

23. Haugen HJ, Marovic D, Par M, Khai Le Thieu M, Reseland JE, Johnsen GF.
Bulk fill composites have similar performance to conventional dental
composites. Int J Mol Sci. 2020;21(14):5136. doi:10.3390/ijms21145136

24. Rizzante FAP, Mondelli RFL, Furuse AY, Borges AFS, Mendonga G,
Ishikiriama SK. Shrinkage stress and elastic modulus assessment
of bulk-fill composites. J Appl Oral Sci. 2019;27:e20180132.
doi:10.1590/1678-7757-2018-0132

25. AlshaliRZ, Salim NA, Satterthwaite JD, Silikas N. Long-term sorption
and solubility of bulk-fill and conventional resin-composites
in water and artificial saliva. J Dent. 2015;43(12):1511-1518.
doi:10.1016/j.jdent.2015.10.001

26. El-Safty S, Akhtar R, Silikas N, Watts DC. Nanomechanical proper-
ties of dental resin-composites. Dent Mater. 2012;28(12):1292-1300.
d0i:10.1016/j.dental.2012.09.007

27. Leprince JG, Palin WM, Vanacker J, Sabbagh J, Devaux J, Leloup G.
Physico-mechanical characteristics of commercially available
bulk-fill composites. J Dent. 2014;42(8):993-1000. doi:10.1016/j.
jdent.2014.05.009

28. llie N, Rencz A, Hickel R. Investigations towards nano-hybrid resin-
based composites. Clin Oral Investig. 2013;17(1):185-193. d0i:10.1007/
s00784-012-0689-1

29. Tarumi H, Torii M, Tsuchitani Y. Relationship between particle size
of barium glass filler and water sorption of light-cured composite
resin. Dent Mater J. 1995;14(1):37-44. doi:10.4012/dm;j.14.37

30. Janda R, Roulet JF, Latta M, Rittermann S. The effects of thermo-
cycling on the flexural strength and flexural modulus of modern
resin-based filling materials. Dent Mater. 2006;22(12):1103-1108.
doi:10.1016/j.dental.2005.09.005

31. Puspitasari D, Khairima A, Diana S. The effect of thermocycling test
on the surface hardness value of bulk fill resin composite. Dentino:
Jurnal Kedokteran Gigi. 2017;2(2):144-147. https://ppjp.ulm.ac.id/jour-
nal/index.php/dentino/article/view/3953. Accessed April 24, 2022.

32. Ghavami-Lahiji M, Behroozibakhsh M, Kashi TSJ. A review
of applications of fourier transform infrared spectroscopy in
dental research [in Persian]. J Dent (Tehran). 2018;30(4):243-253.
https.//jdm.tums.ac.ir/article-1-5708-en.html. Accessed April 20, 2022.

33. Tuncer S, Demirci M, Tiryaki M, Unlii N, Uysal O. The effect
of a modeling resin and thermocycling on the surface hardness,
roughness, and color of different resin composites. J Esthet Restor Dent.
2013;25(6):404—-419. d0i:10.1111/jerd.12063

34. de Oliveira JC, Aiello G, Mendes B, Urban VM, Campanha NH, Jorge JH.
Effect of storage in water and thermocycling on hardness and
roughness of resin materials for temporary restorations. Mater Res.
2010;13(3):355-359. d0i:10.1590/51516-14392010000300013

35. Navimipour EJ, Azar FP, Keshipour S, Nadervand S. Thermal stabil-
ity and monomer elution of bulk fill composite resins cured from
different irradiation distances. Front Dent. 2021;18:9. doi:10.18502/
fid.v18i9.6102


https://www.iso.org/standard/67596.html
https://www.iso.org/standard/67596.html
https://ppjp.ulm.ac.id/journal/index.php/dentino/article/view/3953
https://ppjp.ulm.ac.id/journal/index.php/dentino/article/view/3953




Viability of bacteria associated with root caries after
Nd:YAG laser application in combination with various
antimicrobial agents: An in vitro study

Janina Golob Deeb™*~*, Nitya Reddy*-F, Todd Kitten>*-2F Caroline Kelly Carrico®£F, Kinga Grzech-Lesniak A ¢F

! Department of Periodontics, School of Dentistry, Virginia Commonwealth University, Richmond, USA

2 Department of Oral and Craniofacial Molecular Biology, Philips Institute for Oral Health Research, School of Dentistry, Virginia Commonwealth University, Richmond, USA
3 Department of Dental Public Health and Policy, School of Dentistry, Virginia Commonwealth University, Richmond, USA

* Laser Laboratory, Department of Oral Surgery, Wroclaw Medical University, Poland

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)

Address for correspondence
Kinga Grzech-Ledniak
E-mail: kinga.grzech-lesniak@umw.edu.pl

Funding sources
None declared

Conflict of interest
None declared

Acknowledgements
None declared

Received on July 16, 2023
Reviewed on August 15, 2023
Accepted on August 30, 2023

Published online on November 20, 2023

Cite as

Golob Deeh J, Reddy N, Kitten T, Carrico CK, Grzech-Ledniak K.

Viahility of bacteria associated with root caries after Nd:YAG
laser application in combination with various antimicrobial

agents: An in vitro study. Dent Med Probl. 2023;60(4):649—655.

doi:10.17219/dmp/171690

DOl
10.17219/dmp/171690

Copyright
Copyright by Author(s)
Thisis an article distributed under the terms of the

Creative Commons Attribution 3.0 Unported License (CC BY 3.0)

(https://creativecommaons.org/licenses/by/3.0/).

Dent Med Probl. 2023;60(4):649-655

Abstract

Background. The neodymium-daped 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
hacterial 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 (H;0,), sodium hypachlorite (NaOCI),
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 .
Each treatment modality was repeated 3 times: group 1 — no treatment; group 2 — 0.5% H,0;; 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% H,05; group 8 — laser and 0.5% NaOCI; 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. Iradiation 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, H,0, 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% NaOCI resulted in the most substantial reduction in
hacterial 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.! 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.? 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.*

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.®> The deminerali-
zation of the root surface is twice as rapid as in the
case of enamel.® The pooled prevalence of root caries is
reported at 41.5%, and is growing due to the increasing
human life span and dentition longevity.” 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,® 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.®
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.® 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.0

Lasers have gained significant popularity in dentistry
since the 1990s, and are used for various kinds of treat-
ment.1%2 The neodymium-doped 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.*®* It can
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be achieved with a quartz fiber-optic tip, 200—320 pm
in diameter, placed into the periodontal pocket!® up to
5 mm? to target pigments, with a little effect on the
non-pigmented 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.’

Antimicrobial agents, such as chlorhexidine (CHX),
have broad antimicrobial activity, as do the irrigants
hydrogen peroxide (H,O;) 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 Gram-negative bacteria, fungi, and some
viruses, and has the ability to inhibit the formation and
development of bacterial plaque for several hours.'81°
Hydrogen peroxide has been used in dentistry for
more than 70 years®; it shows a wide-spectrum anti-
microbial activity against bacteria, yeasts, fungi, viruses,
and spores.?! Sodium hypochlorite is also known for
its antimicrobial effect, as well as fast bactericidal
action and non-toxicity at a proper concentration.??
When combined with curettage, NaOCI effectively
reduces soft tissue inflammation in periodontics,®
and using 0.1% NaOCI during periodontal surgeries
could potentially improve the healing and regenera-
tion of the connective tissue.?* The American Dental
Association (ADA) Council on Dental Therapeutics
proposed using diluted NaOCI (0.1-0.5%) as an anti-
septic mouth rinse for its rapid bactericidal action,
relative non-toxicity, the lack of color and staining,
a low cost, and having no known contraindications.?
Applying sodium fluoride (NaF) to tooth surfaces is
a well-established and commonly used method for
preventing caries, as it promotes the remineralization
of enamel and inhibits the production of bacterial acids.?
Furthermore, in vitro studies have demonstrated the
inhibition of demineralization by NaF combined with
a carbon dioxide (CO,) laser.?”

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 H,0,,
NaOCI, 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.
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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 pL of a single-use 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 (ODgg), which were then
normalized to an OD of 0.5. Ten 150-microliter aliquots
of each bacterial strain were transferred to a 96-well plate,
to non-adjacent wells to provide 10 treatment groups for
each experiment. The stock solutions of the chemical anti-
microbial agents (3% H,O,, 5.25% NaOCI, 2% CHX, and
75% NaF) were diluted in sterile distilled water to 4 times
the desired final concentration. Then, 50 uL of each di-
luted agent was added to the 150 uL 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 50-fold 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
colony-forming units (CFUs)/mL, which were log-trans-
formed for statistical analysis.

Table 1. Model results for the average colony count after treatment

Bacteria 1291 <0.0001
Irrigant 170.92 <0.0001
Laser (Y/N) 134.98 <0.0001
Bacteria*Irrigant 771 <0.0001
Irrigant*Laser(Y/N) 3213 <0.0001
Bacteria*Laser(Y/N) 091 0.4055
Bacteria*Irrigant*Laser (Y/N) 334 0.0015

Y —yes; N — no; values in bold indicate statistical significance (p < 0.05).
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Laser irradiation parameters

A LightWalker Nd:YAG laser (Fotona, Ljubljana, Slovenia)
with a wavelength of 1,064 nm and a 300-micrometer 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
micro-short pulse (MSP) mode (pulse duration of 100 ps).
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)
+ H,0, (0.5%);

— group 3: bacteria (S. mutans, S. sanguinis or E. faecalis)
+ NaOCI (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 + H,0; (0.5%);

— group 8: bacteria (S. mutans, S. sanguinis or E. faecalis)
+ Nd:YAG + NaOCI (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).
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Table 2. Pairwise comparisons of the e ect of the irrigants with and
without the laser on the average colony count [log CFU/mL])

: Estimated Adjusted
. Bacterial .
Comparison . Irrigant | average SE p-value
P change (Tukey's test)
CHX

-523 0.81 <0.0001*
H,0, —2.06 081 0.7396
E. faecalis NaF -0.03 081 >0.9990
NaOCl 574 081 <0.0001*
none 0.08 081 >0.9990
CHX -0.26 081 >0.9990
NdYAG laser H,0, =327 0.81 0.0240*
VS. S.mutans NaF 0.06 0.81 >0.9990
no laser NaOCI 663 081  <0.0001*
none -0.03 081 >0.9990
CHX -524 081 <0.0001*
H,0, -152 081 0.9885
S.sanguinis  NaF 0.05 081 >0.9990
NaOCl -6.41 0.81 <0.0001*
none -0.08 081 >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; H,0, — hydrogen
peroxide; NaF — sodium fluoride; NaOCI — sodium hypochlorite; CFU — colony-
forming unit; * statistically significant.

Table 3. Pairwise comparisons of the e ect of the laser with and without
the irrigants on the average colony count [log CFU/mL]

Estimated Adjusted
Bacterial
Comparison sDECies Laser |Irrigant| average p-value
p change (Tukey's test)

-6.81 099  <0.0001*

) H,0, =311 0.99 0.2959
E.faecalis Nd:YAG
NaF -0.06 0.99 1.0000

NaOCl -928 099  <0.0001*
CHX -889 099  <0.0001*
Irigant H,0, —424 099 0.0101*
Vs, S.mutans Nd:.YAG
noirrigant NaF 008 099 1.0000
NaOCl -889 099  <0.0001*
CHX -857 099  <0.0001*
H,0, -386 099 00388

S.sanguinis Nd:YAG
NaF 014 0.99 1.0000

NaOCl ~ -857 099  <0.0001*

* statistically significant.

Figure 1 shows that the Nd:YAG laser demonstrated
a synergistic effect with NaOCI, reducing significantly
more E. faecalis than NaOCI 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 NaOCI 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 NaOCI reduced more S. sanguinis than NaOClI

Nd:YAG laser

10.0

0.0

CHX H;0, NaF NaOCl . " ~ CHX H,0, NaF NaOCl
irrigant

s > o
> s =

bacterial recovery [log CFU/mL]

CHX H0, NaF  NaOCI !“‘
imigant imiga

E. faecalis S. mutans S. sanguinis

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.

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 H,O,,
reducing significantly more S. mutans than H,O, 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 NaOCI was more
effective than Nd:YAG and H,O, 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
(-5.23log 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 H,O, 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 NaOCI occurred in com-
bination with the Nd:YAG laser; the synergistic effect was
observed for all 3 bacterial species.
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Bacterial strains

Enterococcus faecalis was reduced to undetectable levels
with the NaOCI and Nd:YAG laser combined treatment.
When used separately, neither NaOCI nor the Nd:YAG
laser was able to achieve the same level of E. faecalis reduc-
tion. The combination of NaOCI 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 NaOCIl 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 NaOCI were used in conjunction with the
Nd:YAG laser. Combining either CHX or NaOCI 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 small-sample representation with
regard to abundant bacteria engaged in the complex
interactions present in the clinical environment.

Discussion

Inthisinvestigation, we showed the effect of the synergistic
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, NaOCI combined
with the Nd:YAG laser resulted in the greatest growth
reduction to undetectable levels for all 3 bacterial 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, H,O, or
NaOCI in reducing periodontal pathogens, specifically
Porphyromonas gingivalis (P. gingivalis) and Fusobacterium
nucleatum (F. nucleatum).® 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 long-term use due to its side effects, such as al-
tered taste and the staining of the teeth.?®3° 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.
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Hydrogen peroxide has been used as a mouth rinse
for plaque control and the treatment of oral infections.
A recent review reported that H,O, had no side effects,
but was not superior to CHX in antiplaque efficacy, and
in reducing gingival inflammation and the oral bacteria
count.’® The concentration of H,O, 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.’® Further examina-
tion of the hydroxyl radicals generated during the photo-
lysis of H,O, showed that they were a powerful oxidizing
agent capable of inducing oxidative damage to oral bacteria.'®
The results of the present study align with these findings,
as the Nd:YAG laser combined with H,O, 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 NaOCI, there is evidence that thermal
energy can potentiate the effect of NaOCI. Indeed, the
intracanal heating of NaOCI in endodontic therapy has
been shown to increase bacterial reduction as compared
to the ultrasonic and non-heated agitation techniques.®
Therefore, we speculate that the thermal effects from the
Nd:YAG laser contributed to the enhanced bactericidal
effect of NaOCI.

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,?? and even found a slight increase in
bacterial growth with a 1% gel concentration.?® Sodium
fluoride, when applied to a tooth surface, reduces the
demineralization and promotes the remineralization
of enamel. Fluoride-treated teeth exhibit higher pH
values, as fluoride inhibits the production of bacterial
acids, which proves its antimicrobial rather than direct
bactericidal effect.?® The observations of the present
study align with these reports, as we did not find any
bacteria-reducing 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.®>-% Moreover, a cross-sectional study re-
ported a high prevalence of root caries and high caries
risk rates in 20% of patients referred for periodontal
treatment.” The current study showed that using
an Nd:YAG laser with low concentrations of NaOCI 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 (H,O, and NaOCI).28:3-41 Sych 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% NaOCI.
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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. Tengroups (n = 10) were designed. The specimens were composed of an acrylic
resin, silicon dioxide (Si0,), cerium dioxide (CeO,), and titanium dioxide (TiO,) at the following ratios
(wt%): group 1 (G1) — control; group 2 (G2) — 0.5% Si0y; group 3 (G3) — 1% Si0,; group 4 (G4) — 3%
Si0y; group 5 (G5) — 0.5% CeO,; group 6 (G6) — 1% Ce0y; group 7 (G7) — 3% Ce,; group 8 (G8) — 0.5%
Ti0y; group 9 (G9) — 1% TiO,; and group 10 (G10) — 3% Ti0,. Transmission electron microscapy (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, Ce0, 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 oxice 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.! 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.? 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.34

To improve the physical properties of different dental
biomaterials, composites have been reinforced with in-
organic nanofillers.>~ 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.?

Silicate-based minerals, such as silica (silicon dioxide
(Si0O,), 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
guantity of silica and the modulus of elasticity, wear resis-
tance and polymerization shrinkage.>-

A previous study incorporated 3 different metal oxides
in different proportions into PMMA, namely titania
(titanium dioxide (TiOy)), zirconium dioxide (ZrO,) and
aluminum oxide (Al,O3), and concluded that all experi-
mental groups showed better resistance to impact, sorp-
tion and solubility as compared to the control group.®
Cerium-based metallic material, such as ceria (cerium
dioxide (Ce0,)), 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.'? Ceria has demonstrated antibacterial properties
against Pseudomonas aeruginosa after being treated with
polyacrylic acid.® 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.’* For these and other
characteristics, TiO, NPs are incorporated into polymeric
materials, such as PMMA. In comparison with its larger
particle version, TiO, 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.® The existing studies indicate that
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incorporating surface-treated TiO, 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.'® Accord-
ing to a study by Acosta-Torres et al., with regard to the
physical properties of conventional and nanopigmented
PMMA, the matrices containing TiO, show less poro-
sity.” However, certain studies have highlighted the ad-
verse effects associated with incorporating TiO, and SiO,
into polymeric materials.181°

In light of the current literature,'1° there is a notable
research gap regarding the effects of 3 distinctive NPs — SiO,,
CeO, and TiO, — 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 SiO,, CeO, and TiO, 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 SiO; (15 nm), CeO, (25 nm) and TiO, (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, SiO,, CeO,, and TiO, at the following ratios (wt%):
group 1 (G1) — control; group 2 (G2) — 0.5% SiOy; group 3
(G3) — 1% SiO,; group 4 (G4) — 3% SiO,; group 5 (G5)
— 0.5% CeO,; group 6 (G6) — 1% CeO,; group 7 (G7)
— 3% CeO,; group 8 (G8) — 0.5% TiO,; group 9 (G9)
— 1% TiO,; and group 10 (G10) — 3% TiO..
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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 UCS6; 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 x 4 mm were em-
ployed in the VH test, while samples measuring 65 mm
x 10 mm x 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
11 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 microwave
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.
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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 x 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 (p) was
calculated using the following formula (Equation 1):

p=m/V (1)

where:

p — density [g/cm?];
m — mass [g]; and
V —volume [cm?].

One hundred samples, divided into 10 groups (n = 10
per group), measuring 65 mm x 10 mm x 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/cm?] using the following formula (Equation 2):

IS=1/LxH 2

where:

IS — impact strength [kgf/cm?];

| —impact load (kpcm);

L —sample length in the impact region [cm]; and
H — sample height in the impact region [cm].
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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., Sdo Paulo, Brazil) at
x4 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
x4 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
analyses 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% TiO, ex-
hibited a relatively higher initial degradation temperature (T;).
Moreover, all ceria groups presented higher T; 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 2 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 (SiO,); B — cerium dioxide (CeO,); C — titanium dioxide (TiOy);
D -SiOy; E— CeOy F-TiO,.

Table 1. Resin decomposition temperatures, mass loss (ML), residue, and glass transition temperature (Tg)

Thermal degradation event

—_ & b
Ti Trmidpoint ML Ti Trmidpoint ML [%]
4
Gl 194.46 288.94 1348 332.63 37378 84.17 2.36 102.50
G2 195.73 286.40 12.36 32829 370.95 85.56 2.08 112,50
G3 187.44 286.84 11.01 327.07 37290 86.52 246 105.20
G4 174.37 291,62 11.02 32949 370.65 84.82 415 108.25
G5 198.08 28951 11.00 329.40 375.20 86.74 225 11250
G6 212.73 297.34 10.10 332.35 375.37 87.03 287 107.00
G7 203.09 296.61 8.95 330.12 374.20 86.63 442 106.50
G8 198.71 289.95 1178 328.27 372.66 85.80 242 110.50
G9 21843 296.14 897 32843 37245 88.03 299 109.50
G10 17747 289.74 13.37 32861 37152 82.07 456 104.50

Groups: G1 — control; G2 — 0.5% SiOy; G3 — 1% SiO,; G4 — 3% SiO,; G5 — 0.5% CeO,; G6 — 1% CeO,; G7 — 3% CeOy; G8 —0.5% TiO,; G9 — 1% TiO,; and G10 — 3% TiO,.
Ti—initial degradation temperature; Tmigeoint — 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, p and Charpy IS for all groups, including the control
group, are reported in Fig. 2—4. The experimental results
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Fig. 2. Mean (M) and standard deviation (SD) values for Vickers hardness (VH)

The SD values were used to calculate 95% confidence intervals (Cls).
Different letters in the graph show statistical differences between the
groups (p < 0.05; one-way ANOVA followed by Duncan’s post hoc test).
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followed by Duncan's post hoc test).
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demonstrated significant variations in the mechanical
properties among the different groups. Notably, the dis-
cernible differences in VH, p 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% SiO,
groups were significantly lower as compared to the
3% SiO,, 3% CeO,, 0.5% TiO,, and 1% TiO, groups (Fig. 2).
Regarding density, the results show that the 3% CeO,
group exhibited relatively higher scores, while the control
group showed relatively lower values. The 0.5% SiO, and
0.5% TiO; groups had significantly lower means than the
3% TiO, group, though the results for the 3% SiO, and
1% TiO, groups did not differ statistically (Fig. 3). For 1S,
the mean values in the 3% TiO, group were significantly
lower than those in the control, 0.5% CeO,, 1% CeO,, and
0.5% TiO, groups. The 3% CeO, group scores were lower
than those in the 0.5% SiO,, 1% SiO,, 3% SiO,, 1% CeO,,
0.5% TiO,, and 1% TiO, groups, and significantly lower
than those in the control, 0.5% CeO, and 1% CeO, 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% TiO, 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, TiO, showed
no differences when various weight percentages were
used. For density, CeO, showed higher values; for all
NP types, the density values increased along with the
weight percentage. Moreover, CeO, displayed higher IS
than SiO, and TiO,, which behaved similarly across all
weight percentages. For SiO,, 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 wit%.

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 x4 magnification.
Therefore, the fracture patterns were similar (Fig. 5).

Table 2. Multiple comparison analysis of the nanoparticle (NP) weight percentage (wt%) and type

Mechanical NP wt%

popery

VH Si=Ce=Ti (Si=Ce) <Ti Si=Ce=Ti
I Si=Ce=Ti Si<Ce=Ti Si<Ti<Ce
s (Si=Ti)<Ce Si=Ce=Ti Si=Ce=Ti

NP type
Tio,
05% = 3% > 1% 05% = 1% = 3% 05%=1%=3% |
05% < (1% = 3%) 0.5% < 1% < 3% 05%<1%<3% |

05%=1%=3%  (05%=1%)>3%  (05%=1%)>3% |

VH - Vickers hardness; p — density; IS — impact strength; Si — silica; Ce — ceria; Ti — titania.
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Fig. 5. Scanning electron microscopy (SEM) images of fracture topography
with the incorporation of the nanoparticles (NPs) (1 wt%)

A — control (x60); B — SiO, (x60); C — CeO, (x60); D —TiO, (x60);
E — control (x270); F — SiO, (x270); G — CeO, (x270); H — TiO, (x270).

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.?° 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 pm); 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.32

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.'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.?® 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.?* Such changes are evidenced by a de-
crease or increase in mass registered by the sensor. Our
TGA analysis presented 2 distinct events. The 1% event,
at 175-330°C, could be related to the decomposition
of secondary groups, such as the free CHs groups attached
to the main polymer chain, generating volatiles. The 2
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 (T;). 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 T, of approx. 105°C,
as expected, which could be observed in the endothermic
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 T,.% 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 T,
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% SiO,. 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.



Dent Med Probl. 2023;60(4):657—664

Such high-porosity-level sites facilitate fluid transport
into and out of the polymer, serving as places for the se-
questration of molecules.?

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,?” and the incorporation of a rubber phase,®
fibers® and metal oxides.® 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 SiO, 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.®® 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 acommercial PMMA-based resin, and found that it in-
creased the microhardness and fracture toughness values
for the lowest content.®® Cerium oxide has been used in
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dental materials to stabilize the polycrystalline tetragonal
structure of zirconia.3! To our knowledge, there are no
reports of its use for acrylic resin reinforcement. Interest-
ingly, in this study, CeO, NPs showed better overall be-
havior. In comparison with other groups containing NPs,
the CeO, 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
avariety of spectra, and are corrosion-resistant, non-toxic
and inexpensive.* These NPs have been previously incorpo-
rated into polymeric materials, such as PMMA,* and
were reported to provide better reinforcing properties
than their micrometric version.'® The impact of CeO, and
TiO, 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.3>-3*

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
CeO,, 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
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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.

Keywords: dental implants, oral lichen planus, recurrent aphthous stomatitis, systemic lupus erythema-
tous, vesiculobullous diseases
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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.! 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.! 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.>™
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.® 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.® 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.® 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.®” 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.® 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.?
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).° 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 By, or folate deficiencies and trauma) and
underlying medical conditions such as Crohn’s disease,
ulcerative colitis, Behcet'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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Table 1. Clinical types of recurrent aphthous stomatitis (RAS)85

- Type of RAS
Characteristic : :

Prevalence 80-90% 10% 1-10% 1-5%
Size <lcm >lcm AT 2—3_-mm APITES 3 mm or more, oral or genital aphthae
that coalesce into a large one

Shape oval ragged oval, crateriform oval combination of all 3 forms

P 99 ' (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

aphthous-like oral ulcerations, should be excluded.®®
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.® 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.’® 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.®
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.!

Table 2. Common therapies used for the management of oral mucosal diseases

gel

fluocinonide 0.05% .
) localized oral ulcers
clobetasol propionate 0.05% gel
Topical dexamethasone 0.5% elixir 2-3 times daily
CS therapy '
compounded clobetasol 0.05% elixir multiple oral sites involved
prednisolone 15mg/5 mL syrup
i rednisone
ST P . 0.5-1 mg/kg/day tablets once daily moderate to severe OLP, VBDs, SLE
CS therapy prednisolone
CS-sparing agents/ hydroxychloroquine 200 mg tablets twice daily maintenance therapy for OLP
immunosuppressive  azathioprine 1 mg/kg/day tablets once daily maintenance therapy for OLP, VBDs
agents mycophenolate mofetil 500 mg tablets 1-4 times daily maintenance therapy for OLP, VBDs

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.? 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.®*3 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.'®1516 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

CS — corticosteroid; OLP — oral lichen planus; SLE — systemic lupus erythematosus; VBDs — vesiculobullous diseases.
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antigens.” 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.'¢ 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.t® Several forms
of OLP have been described in the literature, including re-
ticular, erythematous, erosive, papular, plaque, and bullous
types (Fig. 2). The plagque form, in particular, may mimic
other oral pathological conditions, including leukoplakia,
which must be excluded by the treating dentist and biop-
sied if needed.’® 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.!® 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.t® 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.*®

Fig. 2. Patient with reticular, erythematous and ulcerative forms of oral
lichen planus (OLP) a ecting buccal mucosa on both sides
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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.? For these cases, steroid-sparing agents
such as hydroxychloroquine, azathioprine and mycophe-
nolate mofetil are often considered.'®?* 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.?? 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.? 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.2® 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).?* 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
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and 0.99 mm distally within a mean follow-up period
of 68 months.?®> No significant differences were observed
between the reticular and erosive forms of OLP, and the
study did not include a control group.?® 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.?® 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.?” 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.? 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).2° 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.?” 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 (BMZ2), including collagen XVII (COL17, also
known as BP180), BP230, laminin 332, integrin a6/p4,
and collagen VII (COL7), which results in the separation
between the epithelium and connective tissue.> Mucous
membrane pemphigoid has an incidence rate of approx.
5—7.5 cases per 10,000 adults, with a female predilection
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Fig. 3. Patient with pemphigus vulgaris (PV) on the anterior maxillary
alveolar ridge presenting as erythema with ulceration

and an age range of 50—80 years.*° 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.3! 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 (IVI1G).2°

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 VVBD. 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.® 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.?°

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.*® 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.® Systemic lupus erythematosus is 10 times
more likely to affect women than men.*® 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,

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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anti-Smith Abs, anti-Ul-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.*° 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.3* 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.3® 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.® 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.®” 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.
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Table 3. Current literature on dental implant placement in patients with oral mucosal diseases

Oral mucosal Patients, Mean age | Mean follow-up | Implant survival rate
LY | Suyoee - S [month|

55 (uncontrolled 13 (uncontrolled
disease)/42 (after disease)/100 (after
Aboushelib ‘;‘Ed Elsal prospective 230LP controlling the disease 56.7 36 controlling the disease
2017 P ) oY ;
activity with systemic activity with systemic
CS therapy) CS therapy)
owp Khz’;’gg?} 8l prospective 42 OLP/59 controls 59 567 48 100
Anituaetal o ospective 230LP 66 58 68 985
2018
Hemggf;zeet al - Lrospective 18 OLP/18 controls 56 OLP/62 controls 522 523 100
implant survived with
Altin et al. mean peri-implant
PV 20132 case report 1 2 70 32 bone resorption
of 0.9 mm at follow-up
Ergun et al. success at 2 years
SLE 2010% case report 1 6 49 24 of follow-up

PV — pemphigus vulgaris.

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.! There is no consensus on the di-
rect effect of CS therapy on the osseointegration of den-
tal implants.®® 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.®® 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.®®

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 4. General considerations regarding patients with oral mucosal diseases receiving dental implants

Treatment phase Considerations

Before implant placement -
— implement a stress-reduction protocol;

alternatively — Betadine 1%;

Postoperative phase — effective pain control measures;

— close and frequent follow-up;

Long-term maintenance

— continue to maintain good oral hygiene;

regular follow-up and maintenance visits;
close monitoring of OLP patients for early detection of malignant transformation process

— 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;

— 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

—  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;

— instruct the patient to avoid irritating food items, specifically for OLP and VBD patients
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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.2 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.® 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.** Even with the reduced risk of adrenal crisis in
dental clinics, the indication for perioperative CS therapy as
a prophylaxis measure remains controversial.** 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.*? Other studies recom-
mended CS supplementation regimens based on the surgery
type and anticipated stress.*! 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.** 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.**

In addition to current medications, certain conditions
may require further consideration. For instance, increased
stress levels during implant placement may be a potential
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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.*®
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.“® In addition, non-steroidal anti-inflamma-
tory drugs (NSAIDs) combined with prednisolone may in-
crease the risk of gastrointestinal tract (Gl) bleeding and
ulceration.*” Moreover, ibuprofen, together with pentoxi-
fylline, may also increase the risk of Gl 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,*® 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.?® 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.* Furthermore, the proce-
dure time for the surgical and prosthetic parts should be kept
to aminimum 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.?’ 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.>® 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

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
hiomaterials 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 hody 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.12 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.®
Since May 2021, the European Union (EU) have been
implementing a new regulation for marketing and using
medical devices,* 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.*-¢

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.” 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.® 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.®° Examples
of the applications of dental materials are presented in
Fig. 1.
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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.

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.!>2 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.*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.*-2° 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.
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HA — hydroxyapatite; PCL — poly(e-caprolactone); PLLA — polylactic(L-lactic) acid; PMMA — polymethyl methacrylate; Ti — titanium; PEEK — polyetheretherketone;

BG — bioactive glass; Zr — zirconium.

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 manuscriptswritten 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.?* 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.?> 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.?>?" 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).?8

Various polymers (natural and synthetic) are suit-
able bioscaffolds for the proliferation and differentiation
of dental stem cells.?® 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.3® 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



712 M.J. Wozniak-Budych, M. Staszak, K. Staszak. Biomaterials for dental applications

Table 1. Biomaterials in dentistry reported during the last 3 years

Functionality/results Research advancement Rr?lfﬁ;egl :re

Biomaterials for soft and hard tissue regeneration

Bis-GMA/TEGDMA resin ~ restorative materlals_for har_d tissue treatment;
. o . —improvement of antibacterial activity and
composites modified with . o oo
mineralization capacity without the loss
Zn/Sr-doped HA ) L
of biocompatibility
silica aerogel/Bis-GMA/ — restorative materials for hard tissue treatment;
TEGDMA resin composites  —improved mechanical and antimicrobial properties,
(size of silica aerogel particles:  higher hardness and lower water absorption than
Resi 15 mm and 50 mm) in the case of pure composites
esin
composites — restorative materials for hard tissue treatment;
CP/Bis-GMA/TEGDMA resin - remineralization of caries-affected dentin and the
composites prevention of caries lesions under orthodontic
brackets, controlled release of ions after 2-3 months
— restorative materials for hard tissue treatment;
$i0,- and AlLOybased UDMA increased surf{ice roughness and poros_lt_y;
. . —only Al,O3-enriched resins showed sufficient
resin composites . . ; )
physicomechanical properties to be used as resin
fillings
encapsulated commercial - restorative materials for hard tissue treatment;
GIC: Fuiji Il LC, Fuji IX, Ketac™ - encapsulation eliminated the manual mixing
Fil Plus, and EQUIA Forte™ problem and improved the surface hardness of GIC
HT Fil in the post-aging studies
— restorative materials for hard tissue treatment;
RMGIC modified with ZnO  — improvement of antibacterial activity without
NPs (20-40 nm, 2 wt%) sacrificing fluoride release properties and flexural
strength
GIc commercial GIC (FujilLC)  ~ restoratlve_ materl_als for harc_i tissue treatmer)t_;
" A . — lack of antibacterial properties after the addition
modified with a propolis ; T
of the propolis extract, the deterioration of flexural
extract
and shear strength
— restorative materials for hard tissue treatment;
GIC (Fuji Il) modified with 3 —improved thermal, mechanical and biological
active components: nHA (4 properties of biomaterials;
wt%), Zn L-carnosine (6 wt%) —combination of GIC and bioactive components
and ciprofloxacin (1.5 wt%) can help treat caries in non-compliant patients,
including children
— restorative materials for tissue engineering;
chitosan/gelatin/HA scaffolds excellen.t blomllmetlc mlcroe.nwr'onmer?t for cells,
supporting their odontogenic differentiation and
biomineralization in vitro
— restorative materials for tissue engineering;
ECM from DPSCs —improved osteogenic differentiation/mineralization
of gingival fibroblasts
— restorative materials for tissue engineering;
laminin-DPEM —the introduction of laminins to DPEM enhances
Bioscaffolds the adhesion of DPSCs and promotes their
odontogenic differentiation
decellularized bioscaffolds - restorative materials for tissue engineering;
isolated from rat DP tissue - ability to support dental stem cell repopulation
— restorative materials for tissue engineering;
L-arginine-containing — controlled release of L-arginine inhibits bacterial
mesoporous SiO, NPs growth and neutralizes the acidic environment
responsible for the development of secondary caries
commercial toothpaste — restorative materials for tissue engineering;
- P — the toothpaste reaches the enamel matrix and the
containing F and HA (F1400, o ;
. . apatitic mineral phase by penetrating the enamel
F500, Biorepair®) ; ; . R
layer, thereby improving remineralization
nHA — restorative materials for tissue engineering;
HA-modified commercial ~ ~ efficient drug delivery syst'err'l for the prevention
dental flosses (Oral-B®) anq treatment of early o
— ability to remove the bacterial biofilm from
interproximal areas

in vitro studies:
cytotoxicity (L929 fibroblasts);
antibacterial test (S. aureus)

in vitro antibacterial studies (S. aureus)

in vitro/ex vivo remineralization studies
with human teeth and artificial saliva
(review article)

lack of biological studies

in vitro aging studies investigating
mineral deposition

in vitro antibacterial studies (S. mutans)

in vitro antibacterial studies (S. mutans)

in vitro studies: cytotoxicity
(human gingival fibroblasts BSCL138,
human keratinocytes BSCL143L);
antibacterial test (S. mutans)

in vitro studies (DPSCs)

in vitro/ex vivo tests (DPSCs were
isolated from the teeth or gingival
tissues of healthy adult patients)

in vitro/ex vivo tests
(the dentin matrix was extracted from
the premolars of beagles)

in vitro/ex vivo studies (DP was isolated
from rat jaws, and the decellularized
scaffolds were recellularized with
human DPSCs in vitro)

in vitro antibacterial studies
(S. mutans, L. casei)

in vitro/ex vivo studies (8 primary teeth
extracted for orthodontic reasons)

in vitro studies
(S. salivarius K12)

53

54

55

57

1

60

61

62

38

39

40

42

64

66

67
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Biomaterials

Ni-Ti orthodontic wires

Tiimplants

Tiimplants

CM and a synthetic BS
combined with TM

TiandTi

alloys . )
Ti and Zr implants coated

with B-TCP

Tiand Zr disks

Ag/HA NPs and ZnO NP
coatings on orthodontic Ti
mini-screws

complete-arch implant-

supported fixed maxillary

prostheses made of Ti or
monolithic Zr

PEEK FDP

PEEK and sandblasted PEEK
disks

PEEK and Ti healing
abutments

PEEK

PEEK and Ti scaffolds

orthognathic surgery

combined with simultaneous
PEEK bone augmentation

Research advancement

Functionality/results

Biomaterials in restorative dentistry

— 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

— 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)

clinical study evaluating the fissure
fluid from both implants
and the adjacent teeth for the
possibility of Ti contamination
(77 patients with 117 implants)

— biomaterials in orthodontics;
—Ti was detectable in PICF and GCF, even in healthy
subjects

— 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)

in vivo studies (the implants were
implanted in rabbits after the extraction
of lower right central incisors, and
examined at 45 and 90 days)

—Tiand Zr implants coated with 3-TCP can generate
periodontal tissue and form biohybrid implants

— biomaterials in orthodontics;

—air-polishing, the ultrasonic scaler and the Er.YAG
laser significantly reduced the amount of biofilm
onTiand Zr surfaces

in vitro studies examining the
decontamination methods to remove
the bacterial biofilm from biomaterial
surfaces

— 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)

— 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

— 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

— 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)

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)

— biomaterials in orthodontics;

— PEEK healing abutments induced a stronger
inflammatory response in the tissues as compared
to Ti healing abutments

— 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))

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)

— biomaterials in orthodontics;

— orthognathic surgery with PEEK bone
augmentation significantly improved facial
symmetry, even in patients with combined soft and
hard tissue hypoplasia

Reference
number

78

68

69

70

128

130

81

7

98

85

87

88

103
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Reference

Research advancement
number

Biomaterials

Functionality/results

GIC, GIC with CP,
Ag NP-modified GIC,
and 4585 Bioglass® paste

BG

BioMin® F and NovaMin®

epoxy resin-coated Ni-Ti
orthodontic wires

ZnO NP-PMMA
nanocomposite
(a denture base material)

PMMA modified with TiO,

Resins .
graphene-PMMA composites

CAD/CAM PMMA resins

PEKK-based double-crown
dental prostheses (modified
with Au and Co-Cr)

multi-layered Zr ceramics
(cantilever IRFDP)

metal-ceramic and ceramic

Ceramics FDP

ceramic brackets (Forestadent,
G&H Orthodontics, GC
Orthodontics, DynaFlex, and
American Orthodontics)

Biomaterials in restorative dentistry

— biomaterials in orthodontics;
— GIC with CP exhibited the strongest bond

— biomaterials in orthodontics;
- orthodontically induced WSLs can be diminished
through BioMin F remineralization therapy

— biomaterials in orthodontics;
— epoxy resin coating ensures increased corrosion
resistance and reduced leakage of Ni into saliva

— 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%

— biomaterials in prosthodontics
—adding TiO, NPs ensured a significant reduction in
bacterial adhesion to the biomaterial surfaces

— biomaterials in prosthodontics;

- significant improvement of the mechanical
properties of composites with a low content
of graphene (0.1027%)

— biomaterials in prosthodontics;

— improved mechanical and biological features, i.e,,
a higher modulus of elasticity, lower cytotoxicity
and slight changes in cell morphology

— biomaterials in prosthodontics;

— PEKK/PEKK and Au/PEKK primary/secondary crown
combinations exhibited superior surface wear than
the control group

— biomaterials in prosthodontics;
— acceptable fracture resistance

— 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

— biomaterials in orthodontics;
—all ceramic brackets were prone to discoloration
— coffee had the greatest effect on color stability

ex vivo study examining the effects
of bonding agents on the luting
strength of orthodontic brackets
(48 healthy human premolars)

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)

corrosion studies using artificial saliva

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

in vitro antibacterial studies
(S. mutans)

lack of biological studies

in vitro studies (keratinocytes):
cytotoxicity test, morphological
changes of the cells after exposure to
the tested material

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

in vitro studies (natural teeth were
used as abutments to simulate clinical
conditions and create the ideal
matching of the adhesive interface)

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)

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)

111

84

113

115

117

118

96

121

124

GIC — glass ionomer cement; nHA — nano-hydroxyapatite; Ti — titanium; PEEK — polyetheretherketone; BG — bioactive glass; Bis-GMA — bisphenol A-glycidy!
methacrylate; TEGDMA — triethylene glycol dimethacrylate; Zn — zinc; Sr — strontium; HA — hydroxyapatite; S. aureus — Staphylococcus aureus; CP — calcium
phosphate; SiO, — silicone dioxide; Al,03 — 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; B-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; TiO, — 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.3” 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.%®

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.®® In
turn, Fu et al. proposed an excellent dental pulp (DP) tis-
sue regeneration strategy via the laminin-modified native
DP ECM (laminin-DPEM).%° 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.*

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.*! Dental pulp stem cells cultured on the freeze-dried
dentin showed improved attachment, growth, viability,
and collagen secretion.** The ability to support dental
stem cell repopulation on the decellularized bioscaffold
was evaluated by Matoug-Elwerfelli et al.*> The bioscaf-
fold isolated from rat DP tissue demonstrated positive
expression of odontoblastic markers and growth factors.*?

Metallic biomaterials are of great interest in dentistry
due to their excellent mechanical features and biocom-
patibility.*® 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.*®* 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
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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.** 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.*

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.*64” 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.*® 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.*

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.*
Guided bone regeneration focuses on the regeneration
of the alveolar bone in edentulous regions, while GTR
repairs periodontal tissues.*®*%° 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.*® 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 (CaSO,) and HA compounds.*®
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.*®

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.5152

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
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on natural/polymeric
scaffolds

In vitro culturing

Periodontal tissue
constructs

Fig. 3. Various biomaterials in periodontology
HG — hydrogel.
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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. 52 Furthermore, the Zn/HA and Sr/HA maodification
did not affect resin biocompatibility in vitro when using
fibroblasts, which is crucial for preventing micro-leakage
and secondary caries.>® 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).5* The silica aerogel/resin composite showed
significantly lower water absorption and higher hardness
than a pure resin matrix.>* Bis-GMA and TEGDMA res-
ins can also be modified with multifunctional fillers, such
as calcium (Ca) orthophosphates.5 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.*

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.>®
Khan et al. designed silicone dioxide (SiO,) and aluminum
oxide (Al,O3)-based UDMA resin composites enriched
with a spherical micro-filler (30 mm).5” These composites
were characterized by increased surface roughness and
porosity. However, only the resins enriched with Al,O3
showed sufficient physiomechanical properties to be used
as a resin filling.5”

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.%®5°

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). 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
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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.5 Similar in vitro tests were per-
formed by Panahandeh et al.®* The commercial Fuji 11 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.5! Pagano et al. also
carefully studied the improvement of mechanical and
biological properties of GIC as a result of incorporating
various additives.®? They designed advanced GIC (based
on Fuji I 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.5?

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.®® Lépez-Ruiz et al. designed a den-
tal drug delivery system based on L-arginine-containing
mesoporous SiO, NPs to prevent secondary caries.® 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.%*

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.%5 These microparticles released fluoride
ions in acidic conditions, accelerating the remineraliza-
tion of hard tissues.®®

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-
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eralization. The ability to remineralize dental surfaces
has been widely examined and reported for deciduous
and permanent teeth. Bossu et al. tested the effects of 3
commercial toothpastes containing fluorine (F) and HA
on tooth remineralization.®® 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.5®

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.’” 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.5® 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.%® The findings were also biologically rel-
evant, as the tests regarded the crucial cell types involved
in the homeostasis of peri-implant tissues.®® 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.%

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.”® 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.™

Using Ti-platelet-rich fibrin (T-PRF) as a donor site
membrane during free gingival graft (FGG) surgery was
recommended by Koca-Unsal et al.”* 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.™

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.”? 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.”

Majewski assessed the application of a customized TM
for GBR in atrophied alveolar ridges to achieve the op-
timal crest volume for implant placement.” 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
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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.”™

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.™ 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 Ti** and In®" 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.”

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.” 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.”™

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.”® 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
M on average.’®

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.”” They found that Zr
prostheses had slightly lower plague 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.”

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.” 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.”®

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.”
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
adigital 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
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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.”™

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.®’ 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 (TiO,) 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.&°

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.® 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.8!

As mentioned earlier, in research on the alloys used in
orthodontics, the esthetic aspect is taken into account.
Simunovi¢ 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.®? 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.®?

To improve the corrosion and esthetic properties of Ni-
Ti orthodontic wires, biocompatible Al-SiO, coatings
are proposed. Such materials are characterized by better
physicochemical properties and far greater esthetics, and
do not cause cytotoxicity.8® 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.?

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.® 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
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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.® The 1%t strat-
egy consisted in coating the PEEK surface with antibiotics
or other antimicrobial agents, such as natural extracts,
antimicrobial peptides or metal oxides. The 2" 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 (SisN,). 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.®
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.&

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.® 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.®

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 | and compared it with
a Ti alloy (Ti-6Al-4V), the most widely used biomaterial
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for percutaneous procedures.® 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.®

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-AnNg1) and coumaric acid shown to facilitate
bone formation.®® 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 (Angl)/TEK (Tie2) signaling axis.®® 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.%
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.®

Evaluating the effects of loading and grafting on osseo-
integration and soft tissue healing in the implant area with
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immediately placed, self-loaded, progressive implants
at the tissue level in a minipig model was the subject
of a study by Parvini et al.®2 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.%

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.®® 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.®* 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.” 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.%

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. 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.®

Wang et al. discussed the use of PEEK in fixed den-
tal prostheses (FDP), such as crowns, partial dentures
and post-and-core.®” 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.*’

Raj et al. conducted a clinical study to evaluate the ef-
ficacy of PEEK FDP over 1 year.?® 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-
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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.%

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.® The study includ-
ed 120 duplicate four-unit FDP frameworks, which were
milled from PEEK with 20% TiO, filler or pressed with
30% TiO; 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.%°

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.'®
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.®
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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.®* 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.2

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.22 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-TIiN coating improves its bioactivity, and
may have potential applications in orthopedics and den-
tistry.10?

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.’® 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-
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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.'%3

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 0sseoin-
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.2 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.1%*

Williams discussed the evidence on bioactivity
mechanisms in some biomaterials, including BG, es-
pecially in case the material was modified to promote
such activity.1% 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.%

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.1% 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.1%” 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 reccommendations.'%’

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.®® 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.1%

Moslemi et al. proposed using the AutoCAD® and SPSS
software for advanced statistical analysis of the data col-
lected during orthodontic tests.'% 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
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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.1%

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.!'’® 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.!°

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 . Sixty post-orthodontic WSLs were randomly
assigned in a double-blind RCT with 3 parallel arms (n
= 20): group | (Bio-BAG) received the BioMin F slurry
and toothpaste; group 11 (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.1!!
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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.!*2 The materials
were immersed in chemical disinfectants (2% alkaline glu-
taraldehyde, 0.5% chlorhexidine gluconate or 0.5% NaCIO
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.*?

Szerszen 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.!t?

In terms of biological, mechanical and structural prop-
erties, modified PMMA may represent a promising ap-
proach to improving denture performance and longev-
ity.1* Zore et al. studied the effect of adding TiO, NPs
to PMMA on the adhesion of S. mutans to the material
through comprehensive tests of mechanical strength, col-
or fastness and biocompatibility.**> 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 TiO, NPs decreased the roughness and con-
tact angle of the material, increased its zeta potential, and
changed its color. Adding TiO, 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 TiO,
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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.®

Malisic et al. studied the effect of gamma radiation
on the microbiological purity and material properties
of a PMMA composite containing Al,O3; NPs.!'® 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/AI,O3; NPs
composites, but the optimal dose would depend on the
intended application of the material *6

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.!'” 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.1%

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).1’8 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.*®

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.t*® 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.1%°

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-
theticsisalso of greatimportance, 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.!? 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
aminimum 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.?°

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-
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layered monolithic Zr materials.?* 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.12

Daou conducted an in vitro study to compare the fit
of Co-Cr alloy FDP fabricated using different techniques
before and after ceramic layering.'?> 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.*?

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.?® 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.'?3

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.!?* 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.?4

Balmer et al. wrote a position paper on the current level
of evidence regarding Zr implants in clinical trials.'?®> 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
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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 1%

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.’?” 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.?’

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
(B-TCP) assessed using a long-pulse neodymium-doped
yttrium-aluminum garnet (Nd:YAG) laser.*® 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 B-TCP could generate periodontal
tissue and form biohybrid implants when mesenchymal
cell sheets are isolated from PDLSCs alone or co-cultured
with BMMSCs. 1?8

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.*?® 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 29 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.?®

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.’*® 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% NaOCI
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.!® 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
WOka.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.
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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.’** 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.t3*

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.’®> 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.t%

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.1®® 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.'36

Schonhoff 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.'3” 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.*¥’

Park et al. compared 3D-printed provisional three-unit
FDP with conventionally fabricated and milled restora-
tions in terms of flexural strength.'®® 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.*%

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, 134138
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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, Abagus, 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.13910 In the 1% 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.®* In the 2" 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.'*

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.*** 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.4

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.’*? 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
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PEEK might be a suitable material for manufacturing
orthodontic TPAs.1#?

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.**® 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.1*®

In another study on orthodontic tooth movement, re-
searchers compared the simulated orthodontic treatment
results, obtained using the Incognito™ Lite Appliance
System,'** and the actual results to assess the accuracy
of the system.*® 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 | or Il 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.'4®

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.¢ 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.**” 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
(2.0mm, 1.4mm and 2.2mm). 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.4

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. 4
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.4
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Hussein evaluated the mechanical properties of a gra-
phene-based polymer (GBP) and PEEK as materials for
esthetic clasps in removable partial dentures.*® 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.14°

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 5015

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.5°
The study leveraged the color space parameters within
the CIELab system (the International Commission on II-
lumination — Commission internationale de I'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, Al,
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.!>

With regard to Zr biomaterials, a study by Lerner et al.
investigated the role of artificial intelligence (Al) in fabri-
cating implant-supported monolithic Zr crowns (MZCs)
on custom-made hybrid abutments.*>! 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 ym from the original CAD design. Notably, the
MZCs achieved commendable results in terms of clinical
performance, characterized by superior marginal adapta-
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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.*5!

The work by Suryawanshi and Behera focused on the
evaluation of ML models used for predicting the wear
of dental composite materials.'52 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 Al 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
3% 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 R? 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.15?

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 protein*®® 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
atarget 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.t>*
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.t>

Riaz et al. evaluated the binding affinity of 3 newly de-
signhed 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.’® 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
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the best binding results toward bacterial protein targets
1Z10/3VOB and 1J1)/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.t%

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.'>® 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.l®’
After 30 days of incubation, the flexural strength, frac-
ture toughness, hardness, and modulus of elasticity of the
tested composites were significantly reduced.*>” 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.!%®

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 maodification techniques.5°1%0
Nowadays, nanotechnology plays an essential role in
developing advanced restorative biomaterials and their
further improvement.'6! 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.'%2 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.’6 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 (MUC7Y) 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 MUC?7, 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 166167

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.'681% These new mate-
rials ensure low shrinkage stress at the tooth—biomaterial
interface, and minimize contraction gaps, micro-leakage
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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.17017
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Mechanical activity activity complexoral
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Fig. 4. Development of dental materials — necessary research steps

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.
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