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elevated in both glandsinthe DM2 group. RANTES/CCL5
concentrations were higher in the PGs than in the SMGs
in both groups and were significantly increased in
diabetic rats. Levels of MIP-3a/CCL20 were higher in the
PGs than in the SMGs for both groups and were elevated
in rats with DM2. GRO-1a/CXCL1 concentrations were
higher in the PGs than in the SMGs in both groups and
were significantly increased in both glands in the DM2

group (Fig. 5).
Salivary growth factors

M-CSF concentrations were significantly higher in the
SMGs than in the PGs in both groups and were elevated
in diabetic rats. GM-CSF levels were higher in the PGs
than in the SMGs in both groups and were significantly
increased in rats with DM2. The concentration of VEGF
was higher in both PGs and SMGs in the DM2 group
compared with controls (Fig. 5).

Fig. 5. Chemokine and growth factor levels in the parotid glands (PGs)

and submandibular glands (SMGs) of rats with type 2 diabetes mellitus
(DM2) and control group (C), analyzed using multiplex enzyme-linked

immunosorbent assay (ELISA)

Comparisons were performed using two-way ANOVA, followed by Tukey’s
HSD post hoc test. Results are presented as M +SEM. Multiplicity-adjusted
p-values were calculated.

*p < 0.05; ** p < 0.005; **** p < 0.0001.
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Other biomarkers

Concentrations of ghrelin, glucagon, leptin, IL-12p40,
and MIP-2 were below the detection level in both salivary
glands of control and DM2 rats.

Blood in ammatory and anti-
In ammatory pro les

Serum concentrations of pro-inflammatory cytokines
(IL-la, 1L-1B, TNF-0o) were significantly higher in the
DM2 group than in controls. In contrast, 1L-10 levels
were significantly lower in diabetic rats. Thl cytokines
(IFN-y, IL-2, IL-12) were significantly elevated in the
serum of rats with DM2. Concentrations of Th2 cyto-
kine (IL-6) were higher in the DM2 group, whereas Th17
cytokine (IL-17) levels were significantly reduced in the
study group. RANTES/CCLS5 and VEGF concentrations
were also significantly increased in diabetic rats. Other
parameters did not differ significantly between the
groups (Table S1 (available on request from the corre-
sponding author)).

Pearson’s correlation analysis revealed no consistent
relationship between salivary and serum cytokine levels.
Only IL-6 concentrations in the SMGs correlated posi-
tively with their plasma content in the control rats, while
IL-7, MCP-1a and GRO-1a concentrations correlated
positively between the PGs and serum in diabetic rats
(Table S2).

Salivary pro-in ammatory enzymes

The activity of GLU was significantly higher in the DM2
group than in controls in both salivary glands. The activ-
ity of MPO was also elevated in PGs and SMGs of diabetic
rats (Fig. 6).

Pro-inflammatory enzymes
GLU MPO

-

ok

0.25 25
—_ = mPGs = PGs
g 0.20 mSMGs 2 20 = SMGs
=) =)
2 0.15 ® 15
= =
£ 010 £ 10
L 2
S 0.05 e 5
Q. o

0
C DM2 C DM2

Source of variation| Total variation [%] | p-value Source of variation | Total variation [%] | p-value
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Fig. 6. Pro-in ammatory enzyme activity in the parotid glands (PGs) and
submandibular glands (SMGs) of rats with type 2 diabetes mellitus (DM2)
and control group (C), analyzed using colorimetric assays

Comparisons were performed using two-way ANOVA, followed by Tukey’s
HSD post hoc test. Results are presented as M +SEM. Multiplicity-adjusted
p-values were calculated.

**p < 0,005; **** p < 0.0001.
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Salivary exoglycosidases

Inflammation disrupts salivary extracellular matrix
(ECM) remodeling. Glycoconjugates, i.e., molecules made
out of one or more oligosaccharide or polysaccharide
chains which are linked by covalent bonds to a protein or
lipid by a N- or O-glycosidic bond, are key components
of the salivary ECM. These include glycoproteins, proteo-
glycans or sphingolipids.®®° The enzymes responsible for
the metabolic turnover of salivary glycoconjugates are
lysosomal exoglycosidases. Salivary exoglycosidases hydro-
lyze single monosaccharides from the non-reducing ends
of oligosaccharides. In this group of enzymes, we distin-
guish HEX and its isoforms (HEX A and HEX B), as well
as the less active GAL, MAN and FUC.*®

The activity of HEX and HEX B was significantly higher
in DM2 rats than in controls in both glands. In contrast,
FUC activity was reduced in diabetic rats (Fig. 7).

Salivary extracellular matrix
metalloproteinases

In addition to lysosomal exoglycosidases, salivary gland
remodeling is also contingent upon enzymes from the
MMP group. Matrix metalloproteinases belong to proteo-
lytic enzymes that digest ECM components and basement

Lysosomal exoglycosidases
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Fig. 7. Lysosomal exoglycosidase and extracellular matrix
metalloproteinase (MMP) activities in the parotid glands (PGs) and
submandibular glands (SMGs) of rats with type 2 diabetes mellitus (DM2)
and control group (C), analyzed using colorimetric and uorimetric assays

Comparisons were performed using two-way ANOVA, followed by Tukey'’s
HSD post hoc test. Results are presented as M +SEM. Multiplicity-adjusted
p-values were calculated.

*p < 0.05; **** p < 0,0001.

A. Kotowska-Rodziewicz et al. Salivary glands and type 2 diabetes

membranes. Among these enzymes, MMP-2 and MMP-9
are most commonly associated with metabolic diseases.*
Due to their structural similarity and ability to degrade
gelatin, MMP-2 and MMP-9 belong to the gelatinase
group. Compared to other MMPs, they exhibit a high
activity within the salivary glands.?

Both MMP-2 and MMP-9 activities were significantly
higher in rats with DM2 than in controls in both salivary
glands (Fig. 7).

Salivary caspase-3

Inflammation and impaired ECM remodeling may
promote apoptosis in salivary gland cells. Therefore,
caspase-3 activity, the key enzyme responsible for the execu-
tion of apoptosis, was assessed.*? Caspase-3 activity was
significantly higher in the PGs than in the SMGs in both
control and DM2 groups and was significantly increased
in diabetic rats (Fig. 8).

Correlation analysis

Pearson’s correlation analysis was used to measure the
strength and direction of linear relationships between
inflammatory biomarkers and salivary gland secretory
function. The results are presented in Tables S3 and S4.

In the control group, only a limited number of corre-
lations was observed between the salivary inflammatory
profile and secretory function. In the PGs in the control
group, salivary a-amylase activity correlated positively
with IL-1B (r = 0.72, p = 0.02), MCP-1a/CCL3 (r = 0.73,
p = 0.016) and RANTES/CCL5 (r = 0.65, p = 0.043)
(Table S3). In the SMGs, the salivary secretion rate corre-
lated positively with HEX (r = 0.74, p = 0.014) and MAN
(r = 0.31, p = 0.014). Furthermore, salivary a-amylase
activity was negatively correlated with MPO activity
(r = -0.68, p = 0.031) and positively correlated with
caspase-3 activity (r = 0.94, p = 0.025) (Tables S3 and S4).

Caspase-3
*
*
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Source of variation | Total variation [%] | p-value
DM2 10.36 0.0083
Salivary gland 40.71 <0.0001

Fig. 8. Caspase-3 activity in the parotid glands (PGs) and submandibular
glands (SMGs) of rats with type 2 diabetes mellitus (DM2) and control
group (C), analyzed using colorimetric assays

Comparisons were performed using two-way ANOVA, followed by Tukey's
HSD post hoc test. Results are presented as M +SEM. Multiplicity-adjusted
p-values were calculated.

*p < 0.05; **** p < 0.0001.
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Although the study is observational in nature, the pres-
ence of a potential association between inflammation
and salivary gland dysfunction in rats with DM2 may be
confirmed by the negative correlations between salivary
cytokines, the salivary secretion rate and salivary a-amylase
activity. In the PGs of rats with DM2, the salivary secretion
rate correlated negatively with IL-1a (r =—-0.74, p = 0.015),
IL-7 (r = —0.68, p = 0.031), IL-10 (r = -0.69, p = 0.026),
IL-2 (r = -0.87, p = 0.005), IL-12 (r = -0.77, p = 0.01),
IL-4 (r = -0.69, p = 0.027), IL-5 (r = —0.86, p = 0.002),
MCP-10/CCL2 (r = -0.67, p = 0.035), and VEGF (r = -0.67,
p = 0.035). Salivary a-amylase activity in the PGs corre-
lated negatively with IL-1(3 (r = =0.74, p = 0.022), TNF-a
(r = -0.79, p = 0.011), IL-6 (r = -0.78, p = 0.013), IL-7
(r =-0.86, p = 0.003), IL-10 (r = —=0.82, p = 0.007), IL-12
(r = -0.69, p = 0.041), IL-4 (r = -0.79, p = 0.012), IL-5
(r=-0.72,p=0.03), MCP-1a/CCL2 (r =-0.85, p=0.004),
and GM-CSF (r = —0.84, p = 0.004) (Tables S3 and S4).

In the SMGs of DM2 rats, the salivary secretion rate cor-
related negatively with M-CSF concentration (r = —0.66,
p = 0.037). Salivary a-amylase activity was negatively
correlated with TNF-a (r = -0.71, p = 0.034), GLU activ-
ity (r = —0.72, p = 0.028) and HEX B activity (r = —0.65,
p = 0.04). In contrast, a-amylase activity correlated posi-
tively with G-CSF concentration (r = 0.67, p=0.034), HEX
activity (r = 0.65, p = 0.042) and HEX A activity (r =0.72,
p =0.019) (Tables S3 and S4).

Regression analysis

Multiple regression analysis was performed to evaluate
the relationship between multiple independent (explana-
tory) variables and the dependent (response) variable.
The salivary production rate and a-amylase activity were
used as predictors. The results are presented in Table S5.

Multivariate linear regression analysis revealed that
the content of pro-inflammatory cytokines (IL-la) in the
PGs was negatively correlated with the saliva secretion
rate, as was the concentration of TNF-a in the SMGs.
The content of anti-inflammatory cytokines (IL-10) in
the SMGs was also negatively associated with the rate
of saliva production, similarly to the concentration
of Thl cytokines (IL-12). The content of Th2 cyto-
kines (IL-6) in the PGs was negatively associated
with a-amylase activity. Chemokine levels, including
MIP-1a/CCL3 and MIP-30/CCL20 in the SMGs, were nega-
tively correlated with the salivary secretion rate, while
RANTES/CCLS5 and GRO-10/CXCL1 in the PGs were
negatively associated with the salivary secretion rate.
The content of growth factors (M-CSF) in both SMGs
and PGs was negatively associated with salivary secre-
tion. The concentration of VEGF in the SMGs exhibited
a negative correlation with the salivary secretion rate.
Pro-inflammatory enzyme (GLU) activity in the SMGs
was negatively associated with the rate of saliva produc-
tion, whereas MPO activity was negatively associated
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with a-amylase activity. The activity of salivary exogly-
cosidases in the SMGs was negatively correlated with
o-amylase activity. Furthermore, the activity of salivary
MMPs (MMP-2, MMP-9) in the SMGs was negatively
associated with the salivary secretion rate (Table S5).

Discussion

Diabetes mellitus constitutes a group of metabolic dis-
eases resulting from defects in insulin secretion and/or
insulin action. Chronic hyperglycemia impairs the func-
tion of many systems and organs, including the oral cav-
ity, leading to salivary secretory dysfunction.*® Xerosto-
mia is observed in up to 80% of patients with DM and
is associated with reduced resting and stimulated salivary
secretion.* This condition significantly reduces patients’
quality of life by causing speech and digestive disorders
and by promoting the development of oral diseases.*®
However, the causes of salivary hypofunction in patients
with DM2 are not fully understood.*6*” It is presumed
that autonomic nerve dysfunction and microcirculatory
disturbances may reduce the responsiveness of salivary
secretory cells to neural or hormonal stimulation.*84°
Undoubtedly, oxidative stress and carbonyl stress contribute
to salivary hypofunction through glycoxidative modifica-
tions of salivary glands.50-52

Large salivary glands, namely the PGs and SMGs, pro-
duce more than 90% of total salivary volume.’® The sali-
vary gland epithelium has a highly branched tubular struc-
ture composed of terminal units/acini that secrete saliva,
a network of interlobular, granular (in rodents), striated,
and excretory ducts that serve to modify and transport
saliva, and a myoepithelium that supports the excretion
of saliva from the acini through the ducts.>® The activa-
tion of muscarinic or a-adrenergic receptors initiates
salivary secretion, while the stimulation of B-adrenergic
receptors induces protein exocytosis.>* In patients with
DM2, degenerative and hypertrophic changes in salivary
glands resulting from diabetic microangiopathy have
been reported. A reduction in tubular structures, their
concomitant hypertrophy, and decreased density of
o- and B-adrenergic receptors have been observed, leading
to hyposalivation and impaired protein secretion.%>-%" In
the present study, reduced pilocarpine-stimulated sali-
vary secretion and decreased salivary a-amylase activ-
ity were observed in rats with DM2. However, the exact
cause of diabetic microangiopathy in the salivary glands
remains unclear.

The present study is the first to comprehensively
assess salivary inflammatory and anti-inflammatory pro-
files in the salivary glands of rats with DM2. Significantly
increased concentrations of pro-inflammatory cytokines
(IL-1a, TNF-a, IL-6, IL-7, IL-18), anti-inflammatory
cytokines (IL-10), Thl (IL-12), Th17 (IL-17), chemo-
kines (MCP-la/CCL2, MIP-1a/CCL3, RANTES/CCLS5,
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MIP-30/CCL20, GRO-1a/CXCL1), growth factors
(M-CSF, GM-CSF, VEGF), and pro-inflammatory
enzymes (MPO, GLU) were observed in rats with DM2.
The inflammatory profile of the salivary glands did not
indicate dominance of a specific branch of the immune
system. However, elevated concentrations of all pro-
inflammatory cytokines were detected, with the exception
of IL-1[. Moreover, the activity of lysosomal exoglycosi-
dases and MMPs involved in salivary gland remodeling
(HEX, HEX B, MMP-2, and MMP-9; with the exception
of FUC) was significantly higher in the PGs and SMGs
of DM2 rats compared to controls. Two-factor analysis
of variance (ANOVA) demonstrated that inflammation
and catabolism of salivary glycoconjugates were more
pronounced in the PGs of rats with DM2. Increasing
levels of inflammatory biomarkers were associated with
declining salivary secretory function, suggesting a direct
contribution of inflammation to salivary dysfunction.

Salivary cytokines, chemokines and
growth factors

Systemic inflammation associated with chronic hyper-
glycemia appears to be a major source of oral inflamma-
tion in patients with DM2.5%8 Neutrophil granulocytes
(PMNs) activated under these conditions adhere to the
vascular endothelium (adhesion) and/or each other
(aggregation), initiating an inflammatory response.>*° Addi-
tionally, the endocrine activity in adipose tissue interferes
with the expression of insulin receptors and contributes
to complications in distant organs.>® In DM2, activation
of the kB kinase/NF-kB (IKK/NF-kB and c-Jun N-terminal
kinase (JNKZ1)) pathways reduces the sensitivity of target
tissues to insulin and stimulates excessive cytokine and
chemokine production.5%? Increased oxidative stress
and carbonyl stress also promote oral inflammation.5?
Glucose autoxidation, increased metabolism of the polyol
and sorbitol pathways and, above all, non-enzymatic
protein glycation are responsible for the overproduction
of ROS, which, by positive feedback, increase the produc-
tion of cytokines, chemokines and growth factors.5465
Advanced glycation end products (AGEs) formed by
non-enzymatic coupling of glucose to the amino groups
of proteins appear to play a crucial role in promoting oral
inflammation.%® Our previous study demonstrated AGE
aggregation and accumulation in salivary glands of obese
rats under hyperglycemic conditions, resulting in reduced
unstimulated and stimulated salivary secretion.®? Bind-
ing of AGEs to the receptor for advanced glycation end
products (RAGE) activates the NF-kB pro-inflammatory
pathway and increases the sensitivity of PMNs and mono-
cytes to stimuli that induce the production of inflamma-
tory mediators.’” The activation of RAGE also increases
NADPH oxidase (NOX) activity, the most important pro-
oxidant enzyme of the oral cavity, which further enhances
inflammation.86°

A. Kotowska-Rodziewicz et al. Salivary glands and type 2 diabetes

Neutrophil granulocyte-produced cytokines increase
the expression of receptors for intercellular adhesion
molecules mediated by neutrophil adhesion to the vas-
cular endothelium and PMN passage into tissues.”®
Migration of inflammatory cells toward the chemotactic
stimulus requires cooperation with MMPs, particularly
type 1V collagenases. These are capable of degrading the
ECM and basement membranes of blood vessels.”*"2
Therefore, increased activity of MMP-2 and MMP-9 in
the salivary glands of rats with DM2 is expected. Under
these conditions, bioavailability of cytotoxic nitric oxide
(NO) increases alongside endothelin | and angiotensin
Il production. Released cytokines and chemokines fur-
ther enhance vascular permeability, impair fibrinolysis
and promote leukocyte adhesion to endothelial cells by
enhancing the expression of adhesin.”" Vascular wall
remodeling that occurs in the target tissues leads to a loss
of elasticity and flexibility, impairs microcirculatory
blood flow and induces hypoxia in the surrounding tis-
sues.’®"8 Notably, VEGF levels were markedly increased
in the PGs and SMGs of DMZ2 rats. As a major angiogenic
factor, VEGF enhances vascular permeability.”*® These
findings are supported by elevated salivary HEX activity,
a sensitive and early indicator of diabetic microangio-
pathy, endothelial dysfunction and organ damage in the
vascular area. 882

Greater inflammatory changes in the PGs may be
related to the physiological absence of adipocytes in the
SMGs and their exclusive presence in the PGs.%84 Indeed,
metabolic disturbances in DM2 promote adipocyte
hyperplasia and hypertrophy not only in the adipose tissue,
but also in distant organs.®> Chronic hyperglycemia
stimulates adipocytes to release MCP-1a, which increases
the influx of monocytes into the site of inflammation and
promotes their transformation into macrophages.®>8
Macrophages, through the release of pro-inflammatory
cytokines (TIL-1a, TIL-1B, TTNF-a, and TIL-6), enhance
inflammation, which explains the increase in GLU and
MPO activities. B-D-glucuronidase is a recognized marker
of chronic oral inflammation. Increased levels of GLU
are indicative of enhanced neutrophil influx and activity at
the site of inflammation, while elevated MPO levels serve
as a confirmation of inflammation in the salivary glands.
This enzyme is released by neutrophils and monocytes
during the activation of inflammatory cells. Myeloper-
oxidase also exacerbates oxidative stress, leading to tissue
damage, as well as initiates and sustains the inflammatory
process. Therefore, MPO has been identified as a marker
linking inflammation and oxidative stress.®

Salivary vs. serum in ammatory pro les

Statistically significant changes in the serum contents
of pro-inflammatory cytokines (T1L-1a, TIL-1B, TTNF-a,
TIL-6), anti-inflammatory cytokines (Y1L-10), Thi
(TINF-y, TMIL-2, TIL-12), Th-17 ({IL-17), chemokines
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(TRANTES/CCLS5), and growth factors (TVEGF) were
noted in DM2 rats compared to controls. Since salivary
and serum biomarker levels were generally not correlated,
local inflammatory changes appear to differ from systemic
inflammation. Indeed, most cytokines act in a paracrine
and autocrine manner, and salivary cytokines are mainly
derived from inflammatory cells infiltrating salivary
glands.?®88 This hypothesis is supported by the negative
correlations between salivary secretion, a-amylase activ-
ity and the content of cytokines, chemokines and growth
factors exclusively in the salivary glands of rats with DM2.
Also, multivariate linear regression analysis further con-
firmed that salivary inflammatory biomarkers increase
with a decrease in salivary secretory function. Although
our experiment is observational in nature, salivary gland
dysfunction in DM2 may increase with the progression
of inflammation. Previous studies have shown that IL-1a,
IL-1B and TNF-a inhibit acetylcholine release from para-
sympathetic endings of salivary glands,® weakening the
glandular cell response and reducing saliva production in
patients with Sjogren’s syndrome. %09

In contrast to salivary glands, reduced contents of anti-
inflammatory cytokines (IL-10) and Th17 (IL-17) were
observed in serum of DM2 rats. The decrease in IL-17
levels in diabetic rats is particularly puzzling. Although
IL-17 is mainly known for its pro-inflammatory proper-
ties, this molecule also exhibits potent anti-inflammatory
effects.®? Indeed, IL-17 plays an important role in protec-
tion against extracellular pathogens and may stimulate
an inflammatory/anti-inflammatory response in auto-
immune diseases.* Further research is necessary to eluci-
date the role of IL-17 in autoimmune diseases, including
DM2.

Salivary exoglycosidases, matrix
metalloproteinases and apoptosis

Extracellular matrix proteins play a key role in salivary
gland function by providing a reservoir of water and electro-
lytes and by participating in the differentiation of salivary
cells and the exchange of nutrients and ions between
them.®* The main components of the oral ECM are glyco-
conjugates (i.e., glycoproteins, proteoglycans and sphingo-
lipids), which undergo continuous remodeling. Lysosomal
exoglycosidases are responsible for replacing old ECM
components with newly synthesized structures.® In the
present study, a significant increase in the activity of sali-
vary exoglycosidases (HEX and HEX B) was observed in
both PGs and SMGs of diabetic rats. HEX is the most
active enzyme among salivary exoglycosidases.®*# Elevated
activity of HEX and HEX B indicates increased degrada-
tion of oral-forming glycoconjugates and acquired mem-
brane glycoproteins, which leads to disruption of oral
homeostasis. The sugar chains of glycoconjugates are
involved in the majority of oral processes, including
interactions between glycoproteins and bacteria present in
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saliva.3¥4% These compounds contribute to pH regulation,
mucosal hydration, immune defense, and maintenance
of ecological balance in the oral cavity.® Increased activity
of lysosomal exoglycosidases (HEX, HEX B) and MMPs
(MMP-2, MMP-9) in the salivary glands of rats with DM2
promotes increased degradation of ECM components.
This process may disturb communication between sali-
vary cells and nerve endings, inhibit neural transmission
and signal generation, and ultimately reduce protein and
water secretion.®5409%.97 Additionally, the increased activ-
ity of salivary exoglycosidases/MMPs may have acceler-
ated the degradation of salivary gland glycoconjugates,
which was not followed by the renewal of ECM compo-
nents (FUC in the PGs and SMGs in diabetic rats). This
imbalance may reduce the secretory active area of the
glands and limit protein synthesis. Similar changes have
been reported in type 1 diabetes mellitus.®® Chronic
inflammation is likely the cause of increased salivary gland
remodeling in DM2. Previous studies have shown that
IL-1q, IL-1B, TNF-0, and IL-6 increase the activity of MMPs
and activate intracellular apoptosis pathways, thereby
contributing to salivary hypofunction.®-1% Consistent
with these observations, we found significantly increased
MMP-2, MMP-9 and caspase-3 activities in the PGs and
SMGs of DM2 rats.

Limitations

Due to limited study material, we were unable to per-
form histological and histochemical analyses, which rep-
resents an important limitation. However, numerous
reports describing degenerative and hypertrophic changes
in salivary glands of diabetic subjects are available in
the literature 56101192 |t would also have been valuable to
assess systemic inflammatory markers 72 h after DM2
induction. However, owing to ethical restrictions, only min-
imal blood sampling was permitted to confirm disease
development. Further studies on the role of inflammation
in the pathogenesis of salivary gland dysfunction in DM2
are required, in particular, molecular analyses determin-
ing the role of specific signaling pathways in the induc-
tion and promotion of inflammation. A detailed analysis
of salivary ECM remodeling, including the activity and
expression of other MMPs and tissue inhibitors of metallo-
proteinases (TIMPs), is also warranted. Finally, this study
was conducted using a standard animal model of DM?2
involving male Wistar rats. Future research should address
salivary gland inflammation in both men and women with
diabetes.

Conclusions

Type 2 diabetes mellitus is associated with an increased
production of cytokines, chemokines and growth factors
at both systemic (serum) and local (salivary gland) levels.
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The parotid gland appears to be the main source of sali-
vary cytokines, chemokines and growth factors. Elevated
salivary biomarkers of inflammation are accompanied by
reduced secretory activity of the salivary glands, which
may suggest a direct contribution of inflammation to
salivary gland dysfunction. In DM2, increased ECM
remodeling and increased apoptosis of glandular tissue
are observed, with more pronounced impairment in the
PGs. Further in vitro and in vivo studies are required to
fully assess the role of inflammation in diabetic salivary
gland hypofunction.
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Abstract

Background. The anaerobic commensal Fusobacterium nucleatum is scarce in healthy subgingival dental
hiofilms but is highly prevalent in periodontal pockets. Numerous genome-wide association studies and
gene expression studies using microarrays or RNA sequencing (RNA-Seq) have been performed to bet-
ter understand the genetic architecture of periodontal disease. However, these investigations have limited
predictive capacity for identifying RNA, particularly non-coding RNAs (ncRNAS). The mechanism of regu-
lation of ncRNAs by F. nucleatum to alter disease progression in mice has not been thoroughly investigated.

Objectives. The aim of the study was to predict previously uncharacterized ncRNAS in F. nucleatum-infected
mice using machine leaming (ML).

Material and methods. Long non-coding RNAs (IncRNAs) and circular RNAS (circRNAs) were identified
from the periodontitis gene expression dataset (GSE225589) obtained from the Gene Expression Omnibus
(GEQ) database and subsequently preprocessed. Long non-coding RNAs and circRNAs were labeled based
on the gene expression. Transcriptomic features were analyzed using 3 ML algorithms: random forest (RF);
adaptive boosting (AdaBoost); and naive Bayes (NB). The dataset was labeled and divided into training
(80%) and testing (20%) subsets with cross-validation. Additionally, receiver operating characteristic
(ROC) curves, confusion matrices and area under the ROC curve (AUC) values were determined.

Results. The RF and AdaBoost models outperformed the NB model in classifying IncRNAs and circRNAS,
Both RF and AdaBoost achieved an AUC of 100%, whereas the NB model achieved a slightly lower AUC
of 92%.

Conclusions. This study is the first to apply ML to predict ncRNAs in F. nucleatum-infected mice using
transcriptomic data. Random forest and AdaBoost showed superior classification performance in identify-
ing IncRNAs and circRNAs associated with the infection. Further studies with larger cohorts and external
validation are needed to confirm these findings.

Keywords: periodontal disease, machine leaming, transcriptomics, non-coding RNAS
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» Machine learning enabled the identification of INcRNAs and circRNAs associated with Fusobacterium nucleatum
infection in mice, marking the first application of machine learning in this context.

« Random forest and AdaBoost achieved perfect classification performance (AUC = 1.000), outperforming naive
Bayes and demonstrating the robustness of ensemble learning approaches for ncRNA prediction.

» The identified ncRNAs demonstrate strong potential as diagnostic or prognostic biomarkers; however, larger
datasets and external validation are needed to confirm their clinical applicability.

Introduction

Chronic multifactorial inflammatory periodontitis pro-
gressively destroys the tooth-supporting structures and
is associated with dysbiotic dental plaque biofilms.>?
Approximately 100 different microbial species inhabit the
human oral cavity.3* Although most oral bacteria are com-
mensals, a small proportion are hazardous.>® The forma-
tion of bacterial biofilms on tooth surfaces is identified as
the main cause of periodontal disease.”** Common oral
bacteria include Porphyromonas gingivalis, Tannerella
forsythia, Prevotella intermedia, = Campylobacter
rectus, Eikenella corrodens, Fusobacterium nucleatum,
Aggregatibacter actinomycetemcomitans, Treponema
species, and Eubacterium species.

Oral bacteria produce various polysaccharides and glyco-
proteins that enable co-aggregation with planktonic
microorganisms and adhesion to surfaces (co-adhesion).
The acquired pellicle formed on tooth surfaces, com-
posed primarily of salivary glycoproteins and antibodies,
facilitates bacterial attachment. Biofilm-associated
microorganisms exhibit distinct characteristics compared
with planktonic bacteria, including close spatial organiza-
tion, production of a self-generated extracellular matrix,
reduced metabolic activity, and quorum sensing mecha-
nisms that enhance coordinated survival and persistence.

The most prevalent colonizers are gram-positive
facultative anaerobes, particularly Streptococcus and
Actinomyces species.*? The build-up of dental plaque
causes a decrease in oxygen levels, favoring colonization
by anaerobic bacteria. Fusobacterium species serve as
bridging organisms between primary and secondary col-
onizers.®® Socransky et al. classified the microorganisms
into microbial complexes based on their color.** The red
and orange complexes are strongly associated with peri-
odontal disease in the subgingival region.”!> Among these
organisms, F. nucleatum is considered a key species in the
etiology of periodontitis.

Fusobacterium nucleatum is an anaerobic commen-
sal bacterium present in low concentrations in healthy
subgingival biofilms'® but enriched in periodontal
pockets.'” It serves as an important bridging organism
between early colonizers and periodontal pathogens.'®

Fusobacterium nucleatum has been also associated with
colorectal cancer, ulcerative colitis, cardiovascular dis-
ease,'?° and extraoral infections that might be dangerous
in pregnancy,® supporting its classification as an oppor-
tunistic pathogen.

Experimental periodontitis models in rats have dem-
onstrated that F. nucleatum infection can cause
abscess formation and alveolar bone loss.? Infection with
F. nucleatum and A. actinomycetemcomitans stimulates
the production of cytokines such as interleukin (IL)-1.
Additionally, tumor necrosis factor (TNF) and IL-17 syn-
ergize with IL-1 to enhance the synthesis and expression
of additional cytokines (e.g., IL-6), defensins and endo-
thelial activation markers, thereby amplifying the immune
response.

Recently discovered non-coding RNA (ncRNAs)
include long non-coding RNAs (IncRNAs) and circular
RNAs (circRNAs).222® Many diseases are initiated and
progress through cis- and trans-regulatory gene expres-
sion mechanisms.?*-26 LncRNAs affect the gene regula-
tory network of host—pathogen interactions and influence
biological processes such as cell proliferation, motility,
and immune or inflammatory response in cardiovascular,
inflammatory and autoimmune diseases.?’~2° The biologi-
cal functions of circRNAs are not yet fully understood.
According to previous studies, circRNAs may function as
microRNA (miRNA) sponges, thereby inhibiting miRNA
activity, increasing the expression of miRNA target genes,
modulating cytokine expression, promoting cell cycle
progression, and inhibiting apoptosis.2®-32 Both INCRNAs
and circRNAs have been identified as potential diagnostic
markers.3334

However, in vitro and in vivo studies have investigated
F. nucleatum invasion and host response mechanisms.35-3°
Previous research has shown that F. nucleatum infection
activates the inflammatory response, induces cytokine
production and sends danger signals to human glomeru-
lar endothelial cells (GECs).3"4° The molecular mecha-
nisms underlying immune responses to F. nucleatum
infection in mice are unknown. To understand the genetic
architecture of this complex trait, several genome-wide
association studies and gene expression investigations
using microarrays or RNA sequencing (RNA-Seq) have
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been conducted. The outcomes of these investigations,
however, do not provide robust insights. Li and Liang
developed LncDC, a Python-based tool that outperformed
6 other algorithms in classifying IncRNAs and mRNAs.*
Using osteosarcoma transcriptomic data, they identi-
fied 97 novel IncRNAs, providing potential diagnostic
biomarkers or therapy targets.r However, no studies
have investigated how F. nucleatum regulates ncRNAs
to influence disease progression in mice. The application
of alternative methodologies can improve the generaliz-
ability of the results. Machine learning (ML) techniques,
combined with resampling strategies, offer a powerful
framework for identifying ncRNAs in mice infected with
F. nucleatum.

Due to their computational effectiveness in identifying
generalizable patterns from high-dimensional datasets
generated from small samples, ML techniques have been
utilized to analyze high-throughput deep sequencing
data.*? Therefore, the current study aimed to apply ML
to predict previously uncharacterized ncRNAs in mice
infected with F. nucleatum.

Material and methods

Source and processing of data

The gene expression dataset for periodontitis
(GSE225589) was retrieved from the Gene Expression
Omnibus (GEO) database. A comprehensive search
of microarray studies was conducted using the keywords
“periodontitis” and “Rattus norvegicus” The epitranscrip-
tomic gene expression data was exported to Microsoft
Excel (Microsoft Corp., Redmond, USA), and outliers
were removed. The dataset was preprocessed to identify
IncRNAs and circRNAs, which were then classified and
labeled based on their gene expression features. The pro-
cessed data was subjected to exploratory data analysis.

The Orange Data Mining tool (https://orangedat-
amining.com/download) was used for gene expression
analysis, including data upload, transformation, user-
interactive visualization, as well as model inference and
visualization. These stages involve data input and trans-
formation, interactive visualization, drawing conclusions
about data models, and model representation. Data is
typically received, processed and visualized by a workflow
component, which then generates the analysis for further
processing (Fig. 1,2).

Random forest (RF) parameters included up to 100
decision trees, with no strict limitation on tree depth and
feature selection. Adaptive boosting (AdaBoost) param-
eters included the number of boosting iterations and
learning rate with several estimators set to 50, and the
SAMMIE (Stagewise Additive Modeling using a Multi-class
Exponential loss) learning algorithm. Data balancing
techniques, such as oversampling, undersampling and
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Gene expression
dataset for periodontitis
(GSE225589)

}

Preprocessing
of IncRNAs and
circRNAs

ML
algorithms

[random forestJ [ AdaBoost ] [ naive Bayes ]

Fig. 1. Flowchart of research methodology
ML - machine learning; AdaBoost — adaptive boosting.

class weighting, were used to address class imbalances
in the dataset. Model performance was evaluated
using a confusion matrix, receiver operating characteristic
(ROC) curve, and area under the ROC curve (AUC). The
AUC provides an aggregate performance measure across
different classification thresholds, while the confusion
matrix summarizes information about the model’s per-
formance in each class. The ROC curve provides a trade-
off between sensitivity and specificity, thus facilitating the
selection of an appropriate threshold.

Genes with constant expression patterns within the
same class were assigned greater weight than genes with
erratic expression. This method reduces non-informative
genes to improve classification accuracy.

Adaptive boosting

Adaptive boosting is an ensemble learning algorithm
that combines weak learners to build a strong classifier.
The algorithm fits a classifier to the original dataset and
then trains additional classifiers on weighted versions
of the data. In each iteration, the weights of misclassified
instances are increased, allowing the model to focus on
more challenging cases. AdaBoost can be applied to gene
expression data from DNA microarray and RNA-Seq
platforms for classification tasks.

Random forest

Random forest is a sophisticated ML method used for
classification and regression. It constructs numerous
decision trees during the training phase. The output
of this process is the class, that is, the mode of the classes
(classification) or the mean prediction (regression)
of the individual trees. Random forest can predict clinical
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Fig. 2. Orange machine learning (ML) framework
ROC — receiver operating characteristic.

outcomes in gene expression (genes) using profile data-
sets with several characteristics. The prediction task is
a classification problem involving feature representations.
The primary objective of this approach is to achieve high
classification accuracy. Random forest is effective for the
analysis of gene expression datasets, due to its capacity
to manage many input variables and their complex inter-
actions. High-dimensional data, such as gene expression
profiles, is prone to overfitting; however, this method is
robust.

Nalve Bayes

Naive Bayes (NB) is a basic yet successful ML method
that applies Bayes’ theorem with strong (naive) inde-
pendence assumptions among features. Due to its sim-
plicity and efficiency, NB is frequently applied to high-
dimensional datasets, including gene expression data.

The naive Bayes classifier (NBC) is widely used in pat-
tern recognition tasks involving gene expression. However,
classical estimations of location and scale parameters are
sensitive to outliers, which complicates the interpretation
of gene expression data using the classical NBC.

Results

The predictive performance of INCRNA and circRNA
disease associations was evaluated using stratified 20-fold
cross-validation. In each iteration, the dataset was par-
titioned into training and testing subsets, with most
samples used for training and the remainder for testing.
During each cycle, similarities between IncRNAs and

circRNAs were recalculated based solely on known train-
ing associations.

After estimating the association probabilities of the test
samples, the samples were arranged according to their
association scores. Samples with higher scores were con-
sidered more likely to represent true IncRNA—circRNA
disease associations. A sample was deemed positive if
an observed association existed in the INCcRNA—cirRNA
disease node pair and its association score exceeded
a predefined threshold. The true positive rate (TPR) and
the false positive rate (FPR) were calculated as follows
(Equation 1 and Equation 2):

TPR = TP/(TP + FN) (1)
FPR = FP/(FP + TN) (2)

where:

FN — number of false negatives (incorrectly classified
positive samples);

FP — number of false positives (incorrectly classified
negative samples);

TP — number of true positives (correctly classified
positive samples);

TN — number of true negatives (correctly classified
negative samples).

By varying the threshold, ROC curves were generated.
The AUC provided an overall measure of the predictive
capability of the model.*®

Due to a considerable imbalance between observed
IncRNA—disease associations (positive samples) and
unobserved associations (negative samples), precision—
recall (PR) curves and the area under the PR curve (AUPR)
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were used to assess predictive performance.* Precision
and recall were defined as follows (Equations 3 and 4):

Precision = TP/(TP + FP) ?3)

Recall = TP/(TP + FN) 4

A precision of 1 indicates that FP = 0. Similarly,
a recall of 1 indicates that FN = 0. An ideal classifier
achieves precision and recall of 1, corresponding to O false
positives and false negatives. As the number of false
negatives increases, the recall decreases because the
denominator (TP + FN) grows relative to TP.

To jointly evaluate precision and recall, the F1 score was
calculated (Equation 5):

precision x recall
F1 score = — x 2 ®)
precision + recall

The AUC—ROC curves and, most importantly, recall,
precision, specificity, and accuracy, were derived from
the confusion matrix. The target feature in this test con-
sisted of 2 groups of predictors: IncRNAs and circRNAs.
In this study, stratified 20-fold cross-validation was
applied. The confusion matrix summarizes the number
of true positives, true negatives, false positives, and false
negatives generated by the model on the test data.

Identi cation and prediction of non-coding
RNAs and construction of classi cation
models

Twenty-fold cross-validation was used to determine
model accuracy and AUC after classification using the
ML framework (Fig. 2). The outcomes demonstrated
that, for IncRNAs and circRNAs, accuracy and AUC
value reached 100%. To classify IncRNAs and circRNAs,
RF, AdaBoost and NB classification models were built.
The RF and AdaBoost models achieved the highest
accuracy (AUC = 1.000), whereas the NB model achieved
a slightly lower AUC of 0.926 (Table 1). These findings
indicate that ML-based classification algorithms target-
ing IncRNAs and circRNAs demonstrate high diagnostic
accuracy.
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Prediction and expression of non-coding
RNAs

The ROC analysis was conducted to assess the predic-
tive utility of the selected IncRNAs and circRNAs. All
targeted ncRNAs demonstrated AUC values greater than
0.7, indicating acceptable predictive performance. These
findings suggest that the identified ncRNAs may serve as
prognostic markers in mice infected with F. nucleatum.
However, the individual AUCs of the selected INCRNAS
and circRNAs were lower than the overall classification
performance of the RF, AdaBoost and NB models, sug-
gesting that the integrated ML approach provides superior
predictive accuracy compared with single biomarkers.

Evaluation of the results using the confusion matrix
of the RF model correctly classified 110 IncRNAs as true
positives as 114 circRNAs as true negatives (Table 2).

Similar to the RF model, AdaBoost correctly identified
110 IncRNAs as true positives and 114 circRNAs as true
negatives (Table 3).

The NB model correctly classified 98 INCRNAs as true
positives and 98 circRNAs as true negatives. However,
it misclassified 12 IncRNAs as false negatives and 16
circRNAs as false positives (Table 4).

Table 2. Confusion matrix of the random forest (RF) model

Non-coding RNAs

‘ INncRNAs 110 0 110
‘ Predicted circRNAs 0 114 114 ‘
| 5 110 114 24 |

The table presents the predicted and actual classification labels generated
by the model. LncRNAs and circRNAs represent the 2 predicted classes.
The data is presented as the number of samples in each category.

The bottom row and the rightmost column indicate the total number

of samples per class and the overall sum of samples, respectively.

Table 3. Confusion matrix of the adaptive boosting (AdaBoost) model

Non-coding RNAs

| IncRNAS 110 0 110
‘ Predicted CircRNAs 0 114 114 ‘
‘ Y 110 114 224 ‘

The table presents the predicted and actual classification labels generated
by the model. LncRNAs and circRNAs represent the 2 predicted classes.
The data is presented as the number of samples in each category.

The bottom row and the rightmost column indicate the total number

of samples per class and the overall sum of samples, respectively.

Table 1. Performance metrics of the machine learning (ML) algorithms used for classifying long non-coding RNAs (IncRNAs) and circular RNAs (circRNAS)

Model AUC CA F1 score Precision Recall MCC
Random forest 1000 1000 1000 1000 1000 |
 AdaBoost 1000 1000 1000 1000 1000 |
Naive Bayes 0926 0875 0876 0875 0751 |

AdaBoost — adaptive boosting; AUC — area under the receiver operating characteristic (ROC) curve; CA — classification accuracy; MCC — Matthews correlation coefficient.
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Table 4. Confusion matrix of the naive Bayes (NB) model

INncRNAs 98 12 110
Predicted CircRNAs 16 98 114
Y 110 114 224

The table presents the predicted and actual classification labels generated
by the model. LncRNAs and circRNAs represent the 2 predicted classes.
The data is presented as the number of samples in each category.

The bottom row and the rightmost column indicate the total number

of samples per class and the overall sum of samples, respectively.

Discussion

Fusobacterium nucleatum is a gram-negative, obligate
anaerobic bacillus named for its slender, spindle-shaped
morphology.*® It has been associated with the etiology
of periodontitis and contributes to dental plaque forma-
tion.*8 Acting as a bridging organism between commensal
bacteria and periodontal pathogens on tooth and epithe-
lial surfaces, F. nucleatum plays a crucial role in mediating
physical interactions between gram-positive and gram-
negative bacteria.*’ The bacterium expresses multiple
adhesins that facilitate binding to other microorganisms
and cells, thereby enhancing pathogenicity. The most
important virulence factor in F. nucleatum is Fusobacterium
adhesin A (FadA), an adhesion protein.’® Fusobacterium
adhesin A exists as mature FadA (mFadA), a secreted
protein of 111 amino acids, and pre-FadA, a 129-amino-
acid precursor form.*® The active complex (FadAc), com-
posed of both forms, enables binding and invasion of host
cells. 4849

Machine learning applications in transcriptomics
have quickly expanded, enabling computational analysis
of gene expression data generated by techniques such as
RNA-Seg. Using ML approaches, researchers can detect
differentially expressed genes, categorize samples into
groups, predict gene functions, and find hidden molec-
ular patterns. These capabilities provide novel biologi-
cal insights and support biomarker discovery. A variety
of ML methods, including decision trees, support vector
machines, RFs, and deep learning models, have been
applied to address the high dimensionality and complexity
of transcriptomic datasets. Such strategies have great
potential to contribute to our understanding of disease diag-
nosis, gene regulation, and the development of personal-
ized medicine.5° Because experimental biological research
is often time-consuming and costly, computational pre-
diction of disease-associated IncRNAs via bioinformatics
has become increasingly common. In recent years, many
IncRNA—disease association prediction (LDAP) models
have been proposed, including models based on biologi-
cal networks, models independent of known IncRNA—
disease relationships, and ML-based frameworks.

PK. Yadalam et al. RNAs in F. nucleatum-infected mice

Non-coding RNAs are RNA molecules that do not
encode proteins but play significant regulatory functions
in several biological processes. Once considered transcrip-
tional noise, NcRNAs are now recognized due to their
numerous applications and influence on gene expression.

Well-established subclasses of RNAs include transfer
RNAs (tRNAs), which are essential for protein synthesis
by transporting amino acids to the ribosomes, and ribo-
somal RNAs (rRNAs), which form the structural core
of ribosomes involved in protein synthesis. Extensive
research has been conducted on these RNAs due to their
pivotal role in the fundamental functioning of cells. In
addition, messenger RNAs (mRNAs) can bind to short
RNA molecules, called miRNAs, which can either promote
or hinder the translation of mRNAs. MicroRNAs regulate
gene expression and play a role in a variety of cellular
functions, such as differentiation, development and dis-
ease progression.

Another well-known family of ncRNAs is IncRNAs.
These larger RNA molecules are transcribed from the
genome, yet they do not encode proteins. LncRNAs are
involved in several regulatory processes, including post-
transcriptional processing, chromatin remodeling and
transcriptional control. Additionally, they have been
linked to crucial biological processes such as cellular dif-
ferentiation, the etiology of disease and embryonic devel-
opment.

Recent studies have also highlighted the functions
of enhancer RNAs (eRNAs) and circRNAs in gene regu-
lation. CircRNAs are covalently closed RNA molecules
produced during transcription by a back-splicing process.
These cells can affect the expression of genes through
interactions with RNA-binding proteins or by acting as
MiRNA sponges. While eRNAs are expected to facili-
tate enhancer—promoter interactions and modulate gene
transcription, they are translated from enhancer regions
of the genome.

The functional roles and regulatory mechanisms
of ncRNAs are the subject of ongoing research. Dysreg-
ulation of ncRNAs has been associated with numerous
diseases, including cancer, neurological disorders, peri-
odontal disease, and cardiovascular conditions. The
potential of ncRNAs in diagnostics and therapeutics could
be utilized in the development of novel biomarkers and
focused therapies.

In the present study, we aimed to predict ncRNAs
associated with F. nucleatum infection in mice to better
understand the etiology of F nucleatum-related disor-
ders. Orange, an open-source data visualization and ML
toolkit developed in Python, has been used to build and
analyze predictive models. The tool supports popular
algorithms like RF, neural networks, AdaBoost, NB, and
logistic regression, but in our study, 3 models were used: RF;
AdaBoost; and NB.

The gene expression dataset for periodontitis
(GSE225589) was obtained from the GEO database.
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Using GEO2R, 250 differentially expressed genes (DEGS)
were identified by comparison with appropriate controls.
The 3 ML algorithms, namely RF, AdaBoost and NB, were
evaluated for accuracy. The RF and AdaBoost models
achieved superior and consistent accuracy compared
with the NB model. Specifically, RF achieved an AUC
of 1.000, classification accuracy (CA) of 1.000, F1 score
of 1.000, precision of 1.000, recall of 1.000, and Matthews
correlation coefficient (MCC) of 1.000. AdaBoost dem-
onstrated identical performance metrics. In contrast, the
NB model achieved an AUC value of 0.926, CA of 0.875,
F1 score of 0.875, precision of 0.876, recall of 0.875, and
MCC of 0.751.

Integrating proteomics or metabolomics data could
further enhance understanding of disease mechanisms
and improve predictive performance. Machine learning-
based identification of indicators or pathways of peri-
odontitis may facilitate the development of targeted ther-
apeutic strategies or diagnostic tools.5!

Several limitations of the present study should be
acknowledged, including the relatively small sample size,
reliance on a single dataset, and the lack of external
validation. The identified DEGs and predictive models
require replication in independent datasets to confirm
accuracy. Understanding the biological significance and
mechanisms of these genes is crucial for further insights.
Future research should incorporate multi-omics inte-
gration, longitudinal analyses, functional experiments,
assessment of potential confounding factors, and devel-
opment of clinically applicable predictive models. These
approaches could provide a more comprehensive
understanding of the molecular mechanisms underlying
periodontitis, identify novel biomarkers, examine gene
expression changes over time, validate the biological rel-
evance of DEGs, and improve patient management and
outcomes.

A previous study investigating oral colonization of mice
with P. gingivalis, Treponema denticola and T. forsythia
demonstrated enhanced intrabony defects and alveolar
bone resorption (ABR) during polymicrobial infection.*”
These pathogens successfully established oral coloniza-
tion and induced ABR. Another research demonstrated
that chronic oral infection with F. nucleatum has been
shown to induce symptoms of periodontal disease in mice,
spread via hematogenous routes, alter the host immune
system and periodontal risk factors, and cause both
pro- and anti-inflammatory reactions.*® According to
earlier in vitro studies, the significantly elevated levels of
immunoglobulin G (IgG) and IgM after chronic infection
suggest that F. nucleatum functions as a powerful B-cell
mitogen.5? Additionally, the mitogenic activity has been
attributed to the Toll-like receptor 2 (TLR2) adjuvant
outer membrane porin FomA .53

The endogenous retroviral-associated adenocarcinoma
IncRNA (EVADR)andkeratin-7antisense RNA (KRT7-AS)
were among 43 upregulated InNcRNAs identified in a recent
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transcriptome investigation of F. nucleatum-infected
colon cancer cells.>* Fusobacterium nucleatum has been
reported to promote the progression of oral squamous
cell carcinoma (OSCC).>* A IncRNA, MIR4435-2HG-5p,
has been shown to be upregulated in F. nucleatum-infected
OSCC cells, where it functions as a miRNA-296-5p
sponge, activates AKT2 signaling, and contributes to
AKT2-induced carcinogenesis.>>—>°

The role of IncRNAs in F nucleatum-infected mice
sheds light on the complex regulatory mechanisms
underlying diseases associated with this pathogen. Previous
studies suggest that F. nucleatum infection can alter host
INcRNA expression, which may be crucial in regulating
host immune responses, promoting bacterial survival and
accelerating disease progression. One of the main func-
tions of IncRNAs in infected mice is the control of host
immune responses. LncRNAs can function as molecu-
lar scaffolds or ploys, interacting with proteins or other
RNA molecules to regulate signaling pathways and gene
expression involved in immune control. Additionally, they
can control the expression of pro- and anti-inflammatory
genes, ultimately affecting the host’s ability to mount
an effective immune response against F. nucleatum.

A recent study used mono- and dinucleotide sequences
to predict ncRNA regulatory functions.®® A back propa-
gation (BP) neural network with principal component
analysis and the Levenberg—Marquardt algorithm trained
ncRNAs with accuracies of 81.3% for mixed bacterial
ncRNAs and 93.3% for prokaryotic tRNAs.®® Another
study trained a classifier (MncR) using RNAcentral data
and reported over 97% accuracy in classifying ncRNA
classes.5! More recently, ML methods such as logistic
regression, RF, eXtreme Gradient Boosting (XGBoost), and
decision trees have been employed to distinguish coding
from non-coding transcripts and classify ncRNAs. In
human datasets, RF achieved accuracies exceeding 83%.
Our study obtained similar and highly accurate results.5!

Additionally, IncRNAs may influence cellular functions
such as cell division, apoptosis and epithelial-mesenchymal
transition, all of which are significant in F. nucleatum-
associated disorders. Dysregulation of specific IncRNAs
in infected mice may promote aberrant cell behavior,
potentially contributing to tumor growth, invasion or
metastasis in malignancies associated with F. nucleatum.
Furthermore, IncRNAs may participate in the direct
communication between host cells and F. nucleatum.
According to recent research, bacterial IncRNAs may be
transferred to host cells, where they can modulate the
expression of host genes and signaling pathways. These
IncRNAs may play a role in the establishment and persis-
tence of F. nucleatum infection by interfering with host
cellular functions.

To fully elucidate the predicted roles of IncRNAs
in F. nucleatum-infected mice, further studies using
experimental and computational methods are necessary.
Integrating transcriptomic analysis with functional assays,
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including knockdown or overexpression studies, will help
clarify the involvement of particular IncRNAs to immune
modulation, bacterial persistence and disease develop-
ment. Additionally, integrative methodologies, such as
network analysis and ML, can facilitate the identification
of key IncRNA—MRNA interaction networks and improve
understanding of the complex regulatory networks.

Investigating IncRNA-mediated regulatory mecha-
nisms in F nucleatum infection enhances our under-
standing of host—pathogen interactions and identifies
potential therapeutic targets aimed at regulating immune
responses, limiting bacterial survival or delaying the onset
of disease in F. nucleatum-related conditions.

Conclusions

This study represents the first application of ML
approaches to predict ncRNAs in a mouse model infected
with F. nucleatum. The superior performance of the RF
and AdaBoost models highlights the robustness of
ensemble learning for transcriptomic classification. The
identified IncRNAs and circRNAs may serve as promising
candidates for biomarker development and for advancing
our understanding of host—pathogen regulatory mecha-
nisms. Nevertheless, validation in larger and independent
datasets, along with functional experimental studies, is
essential to confirm their biological and clinical relevance.
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Abstract

Background. The oral microbiota consists of a diverse range of microorganisms, with Streptocaccus spp.
and Candida spp. frequently coexisting in oral infections.

Objectives. The aim of the study was to investigate the impact of ErYAG (erbium-doped yttrium
aluminum gamet) laser therapy, utilizing the PS04 fractional beam, on the in vitro growth and biofilm
formation of clinical strains of Candida albicans, Candida glabrata and Streptococcus mutans.

Material and methods. Single- and dual-species planktonic cultures and biofilms were exposed to
an ErYAG laser using a fractional PS04 handpiece. The effects of the laser were evaluated immediately
after irradiation and 24 h post-irradiation by measuring colony-forming units per milliliter (CFU/mL).
Biofilm biomass (single- and dual-species) was quantified using the crystal violet staining method. The
study tested 2 sets of laser parameters: group 1 (T1): 1.5W, 10 Hz, 30's, 0.4 J/cm?, irradiance: 3.9 W/cm?;
and group 2 (T2): 6.15W, 10 Hz, 305, 1.6 J/cm?, irradiance: 16 W/cm?. Non-irradiated samples served as
controls. The parameters were selected based on their frequent clinical use for snoring treatment and facial
rejuvenation.

Results. Candida albicans exhibited a significantly greater reduction under T2 settings in comparison to
T1(85.3 £1.2% vs. 43.9 £4.5%, respectively; p = 0.006) within single-species biofilms. For C. glabrata,
a significant reduction was observed under T1 parameters (69.8 £14.9%). Furthermore, S. mutans
demonstrated a significantly higher reduction at T2 settings (97.1 £0.6%) compared to T1 settings
(81.1 +£19.6%), with statistically significant differences noted between S. mutans and both C. albicans
and C. glabrata under T1, as well as between S. mutans and C. glabrata under T2. In dual-species biofilms,
T2 fluence led to greater reductions in C. glabrata, S. mutans and C. albicans in mixed cultures (p < 0.05).

Conclusions. The Er.YAG laser, when used in conjunction with the PS04 handpiece, demonstrated a sub-
stantial reduction in the biofilms of C. albicans and C. glabrata. Higher fluence maintained reductions over
a 24-h period, particularly in the case of C. glabrata and S. mutans. This study highlights the antifungal
potential of low-fluence laser settings that are commonly used in facial aesthetic procedures and snoring
treatment.

Keywords: Candida albicans, candidiasis, oral biofilm, erbium laser, Streptococcus mutans
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» The Er:YAG laser with the PS04 fractional handpiece significantly reduced Candida albicans, Candida glabrata
and Streptococcus mutans biofilms, with higher fluence showing superior efficacy.
« Higher fluence was more effective against C. albicans and S. mutans, while lower fluence showed stronger effects

on C. glabrata over 24 h.

» Mixed-species biofilms responded differently, with C. glabrata and S. mutans showing greater reductions under

higher fluence, supporting tailored laser protocols.

» Low-fluence Er:YAG laser, used in facial aesthetic procedures and snoring treatments, demonstrates antifungal and

antibacterial potential in dentistry.

Introduction

The health of the oral cavity is closely interconnected
with systemic health.!=3 Rather than being merely suscep-
tible to microbial colonization, the oral cavity naturally
harbors a diverse and dynamic microbial community. This
is due to its continuous exposure to the external environ-
ment through food, air and other factors, which contrib-
ute to the establishment and maintenance of a complex
ecosystem of bacteria, fungi and other microorganisms.
These microbes can disrupt oral homeostasis, leading
to dental caries, periapical infections and candidiasis. In
some cases, microbial dysbiosis may contribute to systemic
diseases, including cardiovascular disorders, pneumo-
nia and stroke.* Among the primary pathogens involved,
Streptococcus mutans is a key etiological agent in dental
caries and a contributor to systemic conditions such as
infective endocarditis.> Additionally, fungal infections,
primarily caused by Candida albicans, can disrupt the
balance of oral microbiota and pose significant challenges
due to their opportunistic nature and resistance.®

A critical factor in the development of oral candidiasis
is its nature as a multi-species infection, as opposed to
being caused by a single fungal species. While C. albicans
is the predominant species responsible for infections, it
exists alongside diverse strains and other Candida spe-
cies, which further complicates infection management.
In severe cases, Candida spp. may invade the blood-
stream, leading to systemic, life-threatening conditions
such as candidemia.b Conventional treatment for oral
candidiasis includes antifungal agents such as nystatin,
amphotericin B, or systemic therapies like ketoconazole,
fluconazole and 5-fluorocytosine. However, systemic
antifungal treatments frequently cause adverse effects,
including gastrointestinal disturbances, nephrotoxicity
and hepatotoxicity, highlighting the need for innovative
strategies.” Emerging alternatives, such as probiotics,
show promise in preventing oral candidiasis and alleviating
symptoms, yet they remain less effective for treating
established infections.8-12

Laser therapy has emerged as a promising and increas-
ingly popular approach in disease management over the

years.’*-2% The antimicrobial action of the laser is particu-
larly noteworthy and widely emphasized.?-3° Among var-
ious types of lasers, the Er:YAG (erbium-doped yttrium
aluminum garnet) laser has found wide application in
multiple fields of dentistry.3:-% Studies have demonstrated
the effectiveness of the Er:YAG laser in managing microbial
biofilm during endodontic treatment®”—*! and reducing
biofilm on dental implants affected by peri-implantitis.*243
Additionally, Er:-YAG laser bleaching has been shown to
reduce biofilm formation on enamel surfaces in compari-
son to conventional bleaching methods without laser
application.* These findings, along with others, highlight
the beneficial effects of Er:-YAG laser therapy in inhibiting
or reducing biofilm formation in the oral cavity.*>* Beyond
its efficacy in destroying bacterial biofilms, the Er:-YAG
laser has also shown potential in reducing Candida biofilm
formation, further expanding its potential applications in
dental and oral health management.?249%0

The present study aims to evaluate the effects of the
Er:YAG laser on planktonic single-species, dual-species,
and biofilm composed of C. albicans, Candida glabrata
and S. mutans strains. Additionally, it explores inno-
vative approaches to eradicate these pathogens using
low-fluence laser parameters, specifically designed for the
clinical management of snoring and frequently employed
in facial aesthetic procedures.

Material and methods

The research was carried out on clinical strains
of C.albicans, C.glabrataand S. mutansat the Department
of Microbiology, Wroclaw Medical University, Poland,
under the approval of the Institutional Research Ethics
Committee (approval No. KB-429/2024). A power meter
was utilized, and the output was calibrated prior to the
commencement of the study.

Culture condition

Clinical cultures of C. albicans, C. glabrata and
S. mutans were obtained from patients with candidiasis
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and caries lesions and stored at —80°C in Trypticasein

Soy Broth (BioMaxima, Lublin, Poland). The strains were

frozen in replicates and multiplied before experiments

(S. mutans on Brain Heart Infusion (BHI) LAB-AGAR™:

Candida spp. on Sabouraud Dextrose LAB-AGAR™

(BioMaxima)).

Two types of samples were prepared for experimentation:

« planktonic solutions: suspensions of microorganisms
(0.5 McFarland standard) were combined with BHI
broth (BioMaxima) containing 5% sucrose, forming
single-species (C. albicans, C. glabrata, S. mutans) or
dual-species combinations (C. albicans + S. mutans;
C. glabrata + S. mutans; C. albicans + C. glabrata). The
treatments were conducted in dark Eppendorf tubes
(SARSTEDT AG & Co. KG, Nimbrecht, Germany);

« biofilm: single- and dual-species biofilms were formed on
96-well polystyrene plates (SPL Life Sciences Co., Ltd.,
Pocheon, Korea). For single-species biofilms, 100 uL
of microbial suspensions (0.5 McFarland standard) and
150 pL of BHI broth were added per well. For dual-species
biofilms, 100 pL of each microorganism suspension and
50 pL of BHI broth were used, totaling 250 pL per well.
The plates were incubated at 37°C for 24 h under aerobic
or CO,-enhanced conditions (S. mutans).

Laser irradiation

The experiment used an Er:YAG laser (LightWalker
AT-S; Fotona, Ljubljana, Slovenia) equipped with a frac-
tional PS04 handpiece (Fotona). The laser was operated
in a non-contact mode with a 600-ps long pulse duration,
maintaining a 10-mm distance from the surface of strain
suspension in the Eppendorf tube (plankton) or 96-well
polystyrene plates (biofilm) (Fig. 1). The delivery system
employed an articulated arm. In both test groups, the
same fractional handpiece was used, with 2 variations in
parameters. One set was designed for facial rejuvenation,
while the other was specifically configured for the clinical
treatment of snoring. The control group was biofilm with-
out laser irradiation. The parameters used in the study are
outlined in Table 1.

Microorganism quanti cation
Planktonic cell suspensions

Single- and dual-species planktonic suspensions were
exposed to laser light in dark Eppendorf tubes. For the

Table 1. Study groups and laser parameters used during the experiment
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7-mm spot
PS04 handpiece y o
:o
i y
1cm
Plankton Biofilm

Fig. 1. Methodology of Er:YAG (erbium-doped yttrium aluminum garnet)
laser irradiation of planktonic solutions of cells and bio Im

assessment of immediate effects, 100 pL of suspension
was serially diluted, and 100 pL from each dilution was
plated on BHI agar. The plates were then incubated
at 37°C for 24 h under aerobic (yeast) or elevated CO,
conditions (S. mutans and dual-species). Colonies were
counted to calculate colony forming units per milliliter
(CFU/mL). Control suspensions were subjected to the
same protocol without laser exposure.

To assess the effects 24 h post-irradiation, the suspen-
sions underwent incubation at 37°C under aerobic or CO,
conditions, followed by serial dilution, plating and colony
counting. Controls were prepared in a similar manner,
without irradiation.

E ectof laser on single- and dual-species bio Im
(quanti cation of CFU/mL)

Biofilm samples cultivated for 24 h were rinsed with
0.9% NaCl to remove any unattached cells. Thereafter, the
samples were irradiated with a laser, scraped using sterile
swabs and shaken in a 0.5% saponin solution. Subsequently,
they were processed via serial dilution and plating.

Study group 1 (T1) Study group 2 (T2) Control group

‘ ErYAG (fractional)

clinical use: facial rejuvenation

15W, 10 Hz, 30 s, fluency: 0.4 J/cm? LP (600 ps), no tip,  6.15W, 10 Hz, 30 s, fluency: 1.6 J/cm? LP (600 s), no tip,
PS04 7-mm spot, power density (irradiance): 3.9 W/cm?

no laser

7-mm spot, power density (irradiance): 16 W/cm? 9 fast
irradiation

clinical use: snoring treatment

Er.YAG - erbium-doped yttrium aluminum garnet; LP — long pulse.
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The plates were incubated at 37°C for 24 h under aerobic
or CO, conditions, after which CFU/mL values were
calculated.

E ect of laser on single- and dual-species bio Im
(crystal violet method)

Biofilm samples cultivated for 24 h were rinsed with
0.9% NacCl to remove any unattached cells. Subsequently,
the samples were exposed to laser irradiation. Then, they
were fixed by drying for 45 min at room temperature.
After the drying period, 250 pL of 0.1% crystal violet solu-
tion (Chempur®, Piekary Slaskie, Poland) was added to
the wells, and the plate was left for 20 min at room tem-
perature. Subsequently, the violet was removed and the
wells were washed 3 times in distilled water. Thereafter,
they were left to dry for 20 min at room temperature.
After adding 200 uL of 95% ethanol (Honeywell, Charlotte,
USA), the absorbance was measured at a wavelength (A)
of 540 nm (Asys UVM 340; Biochrom Ltd., Holliston,
USA). The control group consisted of a microbial biofilm
that had not been exposed to the laser.

Statistical analysis

The Kolmogorov—Smirnov test was performed at a 95%
confidence interval (Cl) to evaluate the normality of data
distribution. Differences in microorganism reduction fol-
lowing laser irradiation were analyzed using multivariate
analysis of variance (MANOVA). Post-hoc adjustments
were implemented using the Holm—Bonferroni method to
control for multiple comparisons. All statistical analyses
were carried out using Statistica software, v. 12 (StatSoft,
Krakoéw, Poland), with a significance level set at p < 0.05.

Results

Reduction of microorganisms in single-
species planktonic cultures

The results demonstrate that laser application sig-
nificantly reduced microorganism cell counts in
single-species planktonic cultures in comparison to the
control group. The most substantial reductions were
observed for S. mutans and C. albicans when the PS04
handpiece was used directly after irradiation (DAI) at
higher fluence settings (T2). Statistically significant dif-
ferences were identified between the DAI and 24 h after
irradiation (24Al) time points for S. mutans (80.0 +1.3%
vs. 0.0 £0.0%; p < 0.001) and C. albicans (74.0 £8.3% vs.
31.7 £10.2%; p = 0.045) under T2 settings. Furthermore,
higher laser fluence (T2) resulted in a significantly greater
reduction of C. albicans immediately after irradia-
tion (p < 0.05). Conversely, lower fluence (T1) achieved
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superior reductions for C. glabrata and S. mutans 24 h
post-irradiation compared to T2 (p < 0.05) (Table 2).

Reduction of microorganisms in
single-species bio Im cultures

The study assessed the reduction of microbial cell
counts in biofilm cultures of C. albicans, C. glabrata
and S. mutans, directly after irradiation, with an Er:-YAG
laser used in conjunction with the PS04 handpiece.
The results showed that for C. albicans, T2 parameters
achieved a significantly higher reduction compared to
T1 (85.3 £1.2% vs. 43.9 +4.5%, respectively; p = 0.006),
thereby demonstrating enhanced efficacy. In contrast,
C. glabrata exhibited a substantial reduction under T1
settings, but no reduction at higher fluence (69.8 £14.9%
vs. 0.0 £0.0%, respectively; p = 0.022). Streptococcus
mutans demonstrated consistently high reductions in
both configurations (81.1 £19.6% for T1 and 97.1 £0.6%
for T2; p > 0.05). Inter-group comparisons indicated
significant variation among the species (p < 0.05), with
S. mutans showing the highest overall reduction (T2:
97.1 £0.6%; T1: 81.1 +£19.6%), which was significantly
greater compared to C. albicans and C. glabrata under
T1 settings, as well as C. glabrata under T2 settings
(p <0.05) (Table 3).

Reduction of microorganisms in
dual-species planktonic cultures

The results of microbial cell counts in dual-species
planktonic cultures (C. albicans + C. glabrata,
C. albicans + S. mutans, and C. glabrata + S. mutans)
following Er:YAG laser application using the PS04 hand-
piece revealed significant variability in reduction rates
depending on the species combination, laser settings
(T1vs. T2) and timing (DAI vs. 24Al). Candida albicans
in the C. albicans + S. mutans mixture showed a signif-
icantly higher reduction with T2 settings at 24Al com-
pared to DAI (83.7 £5.9% vs. 7.4 £0.1%, respectively;
p = 0.003). A similar trend was observed for S. mutans
in the same mixture, which exhibited significant reduc-
tions with T1 settings at 24Al compared to DAI (24.9
+2.3% vs. 0.0 £0.0%, respectively; p = 0.004). For the
C. glabrata + S. mutans biofilm, reductions were signif-
icantly greater at 24Al compared to DAI under certain
conditions (T2: 39.2 +10.4% at 24Al vs. 0.0 +0.0%
at DAI; p = 0.033). Moreover, a greater microbial
reduction for S. mutans in the C. albicans + S. mutans
mixture was observed with T2 settings immediately
after laser application, while the opposite was observed
24 h post-irradiation (p < 0.05). Additionally, for the
C. glabrata + S. mutans mixture, a greater reduction in
S. mutans was found with T1 settings immediately after
laser application compared to results measured 24 h
after laser irradiation (p < 0.05) (Table 4).
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Table 2. Reduction in microbial cell count after laser treatment in single-species planktonic cultures compared to the control group (non-irradiated samples)

Reductio
Microorganism Handpiece [%CFU (191'@'_%%)
DAl 46.5+30 74083 0.048*
Candida albicans 24A1 392 +274 317102 0.752
p-value B
(DAI vs. 24Al) 0.744 0.045
DAl 70.6 £13.8 6554538 0.680
Gandidaglabrata PS04 2471 788406 696 +21 0.028
p-value _
(DAl vs, 24A)) 0489 0.447
DAl 63.3 +21.7 80013 0.391
Streptococcus mutans 24A1 391+78 0.0=+0.0 0.019*
p-value _
(DAI vs. 24Al) 0.277 <0.001*

* statistically significant (p < 0.05, MANOVA); DAI — directly after irradiation; 24Al — 24 h after irradiation; T1 — lower fluence laser settings; T2 — higher fluence
laser settings; CFU — colony-forming units; M — mean; SD — standard deviation.

Table 3. Reduction in microbial cell count directly after laser treatment in single-species bio Im cultures compared to the control group (non-irradiated samples)

Reduction at T1 Reduction at T2
Microorganism Handpiece [%CFU/mL] [%CFU/mL]
M +SD M £SD
Candida albicans 439 +45 85312 0.006*
Candida glabrata PS04 69.8 £14.9 0000 0.022*
Streptococcus mutans 81.1+19.6 97.1+0.6 0.366

* statistically significant (p < 0.05, MANOVA).

Table 4. Reduction in microbial cell count after laser treatment in dual-species planktonic cultures

Reduction at T1 Reduction at T2

Microorganism Mixture Handpiece [%CFU/mL] [%CFU/mL] (Tpl'\@lué)
M =SD M =SD :
DAl 6.7+94 40095 0.072
Ca+Cg 24A 425+144 459+21 0.769
p-value _
- (DAI vs. 24A)) 0.098 0481
Candida albicans (Ca) PS04
DAl 56.9 +25.5 7401 0111
Ca+Sm 24Al 67.0+3.6 83.7+5.9 0.069
p-value _
(DAl vs. 24A) ey L
DAI 24135 36.9 +21.6 0.496
Ca+Cg 24Al 95+10.1 79+111 0.894
p-value _
_ (DAI vs. 24A1) 0.193 0233
Candida glabrata (Cg) PS04
DAI 398 £13.7 26.3+20 0.302
Ca+Sm 24Al 404 £334 4158 0.270
p-value _
(DAI vs. 24A) 0.985 0429
DAl 0.0+0.0 62.7 +12.8 0.020*
Ca+Cg 24Al 24923 1419 0.008*
p-value B
(DAI vs. 24Al) 0.004* 0022
Streptococcus mutans (Sm) PS04
DAI 600+7.1 0.0+0.0 0.007*
Ca+Sm 24A1 438+12.8 392+104 0.731
p-value _
(DAI vs. 24Al) 2y g

* statistically significant (p < 0.05, MANOVA).



174

7. Grzech-Lesniak et al. Effect of Er:YAG laser on microbial biofilm survival

Reduction of microorganisms in
dual-species bio Im cultures

Higher laser fluence (T2) exhibited a greater reduction
in C. glabrata (C. albicans + C. glabrata and C. glabrata
+ S. mutans mixtures), S. mutans (C. albicans + S. mutans
and C. glabrata + S. mutans mixtures) and C. albicans
(C. albicans + C. glabrata mixture) (p < 0.05). No signifi-
cant increase in reduction was observed for C. albicans in
the C. albicans + S. mutans mixture when comparing the
2 irradiation configurations (Table 5).

Laser-induced biomass reduction in
single- and dual-species bio Ims
evaluated using the crystal violet method

The application of the Er:YAG laser in conjunction with
the PS04 handpiece demonstrated varying effectiveness
in reducing biofilm biomass, depending on laser power
settings. For C. albicans, an increase in power from T1
(13.6 £2.5%) to T2 (14.9 £1.4%) did not result in a sig-
nificant reduction (p = 0.571). In contrast, C. glabrata
exhibited a substantial decrease in biomass from T1 to
T2 (13.4 £3.1% vs. 51.15 +£8.0%, respectively; p = 0.023),
suggesting a greater sensitivity to elevated laser power.
Streptococcus mutans showed an increase in biomass
reduction from T1 (13.8 +5.3%) to T2 (24.05 +1.3%), but
this change was not statistically significant (p = 0.099).
Multivariate analysis of variance confirmed significant
differences between the species (p = 0.009), with the
most notable differences observed between C. glabrata
and C. albicans (p < 0.009) and between C. glabrata and
S. mutans (p < 0.022) (Table 6).

The application of the Er:YAG laser (PS04 handpiece)
resulted in varied biomass reduction across different
dual-species biofilms, depending on microbial composition
and laser power settings. In the C. albicans + S. mutans
biofilm, a substantial biomass reduction was observed,
decreasing from T1 to T2 (18.8 £0.8% vs. 11.4 +0.9%,
respectively; p = 0.014), indicating lower efficacy at higher
power. Conversely, the C. glabrata + S. mutans biofilm
reduction demonstrated a significant decrease from T1

Table 6. Reduction in single-species bio Im biomass after the application
of the Er.YAG (erbium-doped yttrium aluminum garnet) laser in
conjunction with the crystal violet method

Reduction in biomass
[%]

Handpiece | Microorganism
T1 T2
M £SD M £SD

Candida 15655 149 +14 0571
albicans (Ca)
PS04 Candida 1) 139 512 +80 0,023
glabrata (Cg)
SUeptococcus 444 455 241413 0.099
mutans (Sm)
0.009°
p-value 0996  Cgvs. Ca: p <0.009° -
Cg vs. Sm: p < 0.022°

* statistically significant (p < 0.05, MANOVA); 2 MANOVA; ® Tukey's post
hoc test.

to T2 (23.2 £5.4% vs. 0.3 £0.2%, respectively; p = 0.027),
suggesting that lower laser power was highly effective
against this combination. Moreover, a reduction in
biomass was observed for the C. albicans + C. glabrata
biofilm when comparing the T1 and T2 settings
(31.0 £13.2% vs. 49.4 £14.7%, respectively; p = 0.318),
implying greater laser efficiency under high-energy
conditions (Table 7).

Table 7. Reduction in dual-species bio Im biomass after the application of
the Er:YAG (erbium-doped yttrium aluminum garnet) laser in conjunction
with the crystal violet method

Reduction in biomass

. [%] p-value
Mixture = = (T1vs.T2)
M +SD M £SD
Ca+Sm 18808 114409 0.014*
Cg+Sm 23254 0.3+0.2 0.027*
Ca+Cg 31.0 £13.2 494 £147 0.318
0.0212
p-value 04562 Ca+Cg vs. Ca+Sm: p = 0.042° -
Cg+Smvs. Ca+Cg: p = 0.021P

* statistically significant (p < 0.05, MANOVA); 2 MANOVA; ® Tukey's post
hoc test; Ca - Candida albicans; Sm — Streptococcus mutans; Cg — Candida
glabrata.

Table 5. Reduction in microbial cell count directly after laser treatment in dual-species bio Im cultures

Microorganism Mixture Handpiece
. . Ca+Cg
Candida albicans (Ca)
Ca+Sm
. Ca+Cg
Candida glabrata (Cg) PS04
Cg+Sm
Ca+Sm
Streptococcus mutans (Sm)
Cg+Sm

Reduction at T1 Reduction at T2 p-value
(T1vs.T2)

98.1+0.6 100.0 0.0 0.042*
515+333 984 0.7 0.184
938+0.2 99.9 +0.1 0.001*
614+23 99.2 £1.1 0.002*
61.0£109 986 +1.1 0.040*
469 +7.8 100.0 0.0 0.011*

* statistically significant (p < 0.05, MANOVA).
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Discussion

The present study is an in-depth examination of the
impact of the Er:YAG laser on single-species and
dual-species planktonic and biofilm cultures formed by
C. albicans, C. glabrata and S. mutans. Additionally, it
investigates novel methods for eliminating these pathogens
by utilizing low laser parameter settings tailored for the
clinical management of facial rejuvenation and snoring.
The findings of the current study highlight the potential
of the ErYAG laser with a fractional handpiece as
an effective tool for reducing microbial populations in both
planktonic and biofilm cultures of C. albicans, C. glabrata
and S. mutans. The observed reductions were dependent
on laser settings (T1: 0.4 J/cm2 vs. T2: 1.6 J/cm?) and
microbial species, suggesting that the efficacy of laser treat-
ment can be optimized through the precise customization
of parameters to the specific clinical context. Notably, the
higher fluence settings (T2) demonstrated superior efficacy
in disrupting C. albicans and S. mutans in single-species
and dual-species planktonic cultures immediately after
irradiation, while the lower fluence settings (T1) were
more effective for C. glabrata in single-species planktonic
cultures 24 h after irradiation. These results align with
earlier studies that emphasize the versatility and efficacy
of laser-based approaches in microbial management,
particularly in addressing challenges related to
biofilm-associated infections in the field of dentistry.23485!

With respect to the results obtained for planktonic cul-
tures, the application of the Er:YAG laser in conjunction
with the PS04 handpiece demonstrated significant reduc-
tions in microbial cell counts, particularly for S. mutans
and C. albicans. The most notable reductions were
observed under T2 settings, with a 80.0% and 74.0%
decrease, respectively, immediately after irradiation. These
outcomes are consistent with earlier studies, which also
found laser treatment to be effective in reducing the
growth of these species, suggesting that the intensity
of the laser has a significant impact on microbial
survival.5254 While S. mutans showed no detectable recov-
ery at 24 h post-irradiation, C. albicans exhibited partial
resurgence, with a reduction of 31.7%. These findings
support earlier research indicating that laser efficacy
diminishes over time, particularly for fungal organisms like
C. albicans, which may require repeated interventions for
long-term control.> Interestingly, while higher fluence
(T2) was more effective against C. albicans immediately
after irradiation, lower fluence (T1) yielded better results
for C. glabrata and S. mutans at 24Al. These results under-
score the importance of optimizing laser parameters for
different microorganisms, highlighting that microbial
responses to laser treatments can vary significantly
depending on the organism type and laser fluence.?34851

In biofilm cultures, the Er:-YAG laser, operated with
the PS04 handpiece, demonstrated species-specific
efficacy in reducing microbial cell counts. This finding is
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consistent with the existing literature on biofilm manage-
ment. For single-species biofilms, S. mutans exhibited the
highest reduction rates, with T2 settings achieving nearly
complete eradication (97.1 +£0.6%). This result aligns with
the findings reported in the study by Grzech-Lesniak et al.,
which emphasized the susceptibility of S. mutans
biofilm to treatments targeting the biofilm matrix using
the Nd:YAG (neodymium-doped yttrium aluminum
garnet) laser.?® A comparable response was observed for
C. albicans, which exhibited a significant reduction under
T2 parameters (85.3 £1.2%), reflecting its vulnerability to
interventions that disrupt extracellular polymeric sub-
stances (EPS), as discussed by Salehi et al., who highlighted
the challenges of disrupting resilient polymicrobial
biofilms.%® In dual-species biofilms, T2 fluence generally
achieved greater reductions, particularly for C. glabrata
and S. mutans in mixed cultures, as well as for C. albicans
in combination with C. glabrata. These findings support
evidence presented by Salehi et al., which underscored
the significance of tailored approaches to address the
synergistic interactions between microbial species within
biofilms.> However, no significant improvement with
T2 over T1 settings was observed for C. albicans in
combination with S. mutans, suggesting that interspecies
interactions might alter biofilm susceptibility. These
findings emphasize the potential of the Er:YAG laser in the
management of biofilms and highlight the importance of
understanding microbial dynamics to optimize treatment
protocols 485156

This study builds upon our previous findings, in
which the antimicrobial impact of the Nd:YAG laser on
C. albicans and S. mutans was explored using both CFU
quantification and Janus green staining.?? The use of Janus
green staining allowed for a detailed assessment of meta-
bolic activity and biofilm viability, providing insights
beyond the microbial counts achieved through CFU analysis.
This method addressed structural and metabolic biofilm
responses, which are critical for understanding the under-
lying mechanisms of laser-induced microbial reduction.
In the current study, CFU quantification was used to eval-
uate the antimicrobial efficacy of the Er:YAG laser. While
this method effectively quantifies microbial reduction,
it lacks the ability to visualize biofilm structure and
viability. Additionally, the study utilized the Nd:YAG laser
for photobiomodulation (PBM) applications,?>% targeting
deeper tissue interactions. In contrast, the present study
explores the surface-level effects of the Er:YAG laser using
the fractional PS04 handpiece. The utilization of distinct
laser systems and their intended applications highlights
the adaptability of these technologies for specific clinical
scenarios. While the Nd:YAG laser is effective in manag-
ing deeper biofilm in periodontal pockets,'421.242649 the
Er:-YAG laser'418:31-36:38-4245-4850-53 hag shown promise in
disrupting surface biofilm and enhancing aesthetic or
surface-level treatments.5! Overall, integrating advanced
visualization techniques, clinically relevant substrates and
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combined laser systems will provide a more comprehen-
sive understanding of biofilm responses to laser treatment
and enhance the translational value of these findings for
dental and medical applications.

Limitations

Despite the promising findings of this study, it is
imperative to acknowledge its limitations. First, the study
was conducted in vitro, which may not fully replicate the
complex conditions present in vivo, where additional
factors such as hostimmune responses, salivaand tissue in-
teractions could influence the effectiveness of Er:YAG laser
treatments on biofilm. The crystal violet staining method,
a widely utilized technique for biofilm biomass quantifica-
tion due to its simplicity and cost-effectiveness, is not with-
out its limitations, which may affect its reliability. A sig-
nificant drawback is its inability to differentiate between
live and dead cells, as it quantifies total biomass without
providing insights into cell viability or metabolic activity.
This limitation may lead to an incomplete assessment
of the functional state of biofilms. A study by Fernandes
et al. emphasizes the importance of multiparametric
approaches for more comprehensive evaluations.5?
Complementary methods such as live/dead staining,
metabolic assays, or confocal microscopy could enhance
reliability and address potential biases, including material—
biofilm interactions. Future studies should consider these
approaches to strengthen findings. Additionally, the
study’s focus on only 3 species, C. albicans, C. glabrata
and S. mutans, limits the generalizability of the results to
other pathogens commonly involved in oral infections.
Furthermore, although the study demonstrated significant
reductions in microbial populations, the long-term efficacy
of the laser treatment was not assessed beyond the 24-hour
post-irradiation time point. In clinical settings, the
potential for biofilm regrowth necessitates the considera-
tion of repeated treatments or combination therapies. The
absence of a comprehensive analysis on the potential tis-
sue damage or adverse effects of laser application also rep-
resents a limitation, as these factors are crucial in clinical
applications. These limitations indicate that while Er;YAG
lasers demonstrate potential for biofilm disruption, further
research, particularly clinical studies, is needed to fully
assess their effectiveness in diverse oral environments.

Conclusions

The present study aimed to evaluate the effects of the
Er:-YAG laser on biofilms composed of C. albicans,
C. glabrata and S. mutans strains, with a particular focus
on its antifungal and antibacterial properties. However,
the findings are limited by the in vitro nature of the study,
which does not fully replicate the physiological conditions
of the oral environment. Consequently, the outcomes may
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not directly translate to clinical dentistry. The results sug-
gest that the efficacy of laser treatment is influenced by
several factors, including the fluence settings (0.4 J/cm?
and 1.6 J/cm?), microbial species and the time elapsed
post-irradiation. Generally, the antifungal effects were
evident in the reduction of fungal strains (C. albicans
and C. glabrata) immediately after irradiation, with higher
fluence settings showing greater efficacy. In contrast,
the antibiofilm effect was characterized by sustained
microbial reduction over a 24-hour period, particularly at
lower fluence settings, with notable effectiveness against
C. glabrata and S. mutans in single-species planktonic
cultures. Future research should focus on in vivo studies
to assess the laser’s effectiveness under real-world condi-
tions, including the complex interplay of oral microbiota,
tissue responses and environmental factors.
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Abstract

Background. Intraoral appliances are widely used in dentistry. Their surface roughness may influence
patient comfort, biofilm formation and durability.

Objectives. The aim of the study was to evaluate and compare the effect of thermocycling on the surface
roughness (Ra) of different materials used for the fabrication of intraoral appliances.

Material and methods. Seventy-two standardized specimens (40 mm x 10 mm x 2 mm) were
fabricated from 3 materials: a self-curing poly(methyl methacrylate) (PMMA) resin (PMMA group);
alight-cured urethane dimethacrylate (UDMA)-based resin (UDMA group); and a stereolithography (SLA)
3D-printed resin (SLA group). Surface roughness was measured before and after thermocycling (5,000
and 10,000 cycles between 5°C and 55°C) using a contact profilometer. Values were reported as mean (M)
standard deviation (SD). The data was analyzed using repeated-measures or ordinary one-way analysis
of variance (ANOVA), followed by Bonferroni-corrected post hoc tests (0 = 0.0167).

Results. The UDMA group exhibited the lowest mean initial Ra values (0.078 0.020 yum). Thermocycling
induced changes in surface roughness. In the PMMA group, a significant increase in mean Ra was observed
after 5,000 cycles (0.103 £0.028 pm before vs. 0.167 £0.059 pm after; p = 0.0001) and after 10,000
cycles (0.107 £0.024 um before vs. 0.205 £0.060 um after; p < 0.0001). The increase in mean Ra follow-
ing thermocycling was significantly greater in the PMMA group compared to the other groups (mean ARa
after 5,000 cycles: 0.064 £0.035 yum; after 10,000 cycles: 0.098 £0.046 pm; all p < 0.0001).

Conclusions. Materials used for the fabrication of intraoral appliances exhibit material-specific responses
to thermal aging. The light-cured UDMA-based resin demonstrated superior surface integrity after aging,
whereas conventional PMMA and the 3D-printed resin were more susceptible to surface alterations.

Keywords: PMMA, surface roughness, UDMA, intraoral appliance, 3D-printed resin
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e The light-cured urethane dimethacrylate (UDMA)-based resin demonstrated superior surface integrity after
thermal aging, while conventional poly(methyl methacrylate) (PMMA) and the 3D-printed resin showed greater

susceptibility to surface degradation.

» Despite these differences, all materials maintained surface roughness values below the critical threshold for

bacterial adhesion (0.2 pm).

« PMMA and the 3D-printed resin exhibited a significant increase in surface roughness during use, indicating
a greater need for repolishing compared with the UDMA-based resin.
* Clinical selection of intraoral appliance materials should consider additional properties, including mechanical

strength and wear resistance.

Introduction

Intraoral appliances, such as occlusal splints and man-
dibular advancement devices, are widely used in dentistry
to manage temporomandibular disorders (TMD), protect
dental hard tissues, reduce bruxism symptoms, and treat
obstructive sleep apnea.l=® These intraoral devices create
a physical barrier between the dental arches, provide suit-
able occlusal contacts, redistribute occlusal forces, reduce
muscle activity, protect temporomandibular joint struc-
tures, and decrease the frequency of apnea episodes.'
Recent epidemiological studies indicate that approx.
8—12% of the adult population requires some form of
occlusal therapy, highlighting the clinical relevance
of these appliances.®

The efficacy of occlusal splint therapy and patient
compliance depend on proper design and adjustment, as
well as on the physical and mechanical properties of the
materials used for fabrication.® Traditionally, poly(methyl
methacrylate) (PMMA) has been the material of choice
due to its favorable mechanical properties, ease of manip-
ulation and cost-effectiveness.” However, advancements
in dental material science have introduced alternative
materials, including light-cured urethane dimethacrylate
(UDMA) resins and 3D-printable resins, which are
increasingly adopted in clinical practice.®-1°

Surface roughness (Ra) is a critical physical property
of dental materials that has an influence on biofilm for-
mation, staining potential, wear resistance, and patient
comfort.!* Quirynen et al. demonstrated that surfaces
with an Ra exceeding 0.2 ym significantly increase bac-
terial adhesion and biofilm formation.!?> Furthermore,
lonescu et al. reported that increased Ra of intraoral
appliances may cause tongue irritation, altered taste percep-
tion and reduced patient compliance.’® From a longevity
perspective, rougher surfaces are more susceptible to wear
and chemical degradation, potentially compromising the
mechanical integrity and therapeutic efficacy of occlusal
splints during clinical service.*

The oral environment exposes dental materials to
numerous physical and chemical challenges, including

temperature fluctuations, pH variations, masticatory forces,
and salivary enzymes.®® Artificial aging protocols, such
as thermocycling, are employed to predict the long-term
performance of dental materials in laboratory settings.6
Thermocycling simulates thermal changes in the oral cav-
ity through repeated exposure to temperature extremes,
typically ranging from 5°C to 55°C.1” This process induces
structural stress within materials due to differences in
thermal expansion coefficients among their components,
which may affect surface characteristics and mechanical
properties.’® Although previous studies have extensively
investigated the effects of artificial aging on the mechani-
cal properties of occlusal splint materials,*® evidence
regarding its influence on Ra remains limited and often
contradictory.?

The emergence of digital technologies in dentistry,
particularly computer-aided design and computer-aided
manufacturing (CAD/CAM) and 3D printing, has been
hoped to revolutionize the fabrication process of occlu-
sal splints.? Additive manufacturing techniques such as
stereolithography (SLA) offer advantages including high
precision, reproducibility and time efficiency.?? However,
the long-term performance of 3D-printed materials in the
oral environment, especially regarding surface proper-
ties after aging, has not been sufficiently documented.?®
Revilla-Ledn et al. highlighted the need for comprehensive
investigations evaluating the aging behavior of these novel
materials compared with conventional alternatives.?

Furthermore, the effect of thermocycling on Ra may
vary significantly among materials used for the fabrica-
tion of intraoral appliances. Factors such as polymer
composition, cross-linking density, filler content, and
manufacturing techniques may influence susceptibility to
thermal degradation and subsequent surface alterations.?®
Identifying material-specific responses to artificial aging
would provide valuable guidance for clinicians in select-
ing the most appropriate material for individual clinical
situations.?

Despite the clinical importance of Ra for the perfor-
mance and longevity of intraoral appliances, standardized
comparative studies evaluating the response of different
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contemporary materials to artificial aging protocols
remain scarce. This knowledge gap is particularly evident
for newer 3D-printable resins, which are increasingly
incorporated into routine dental practice.?326:27

Therefore, the aim of this study was to evaluate and
compare the influence of artificial aging on the Ra of
3 different materials commonly used for intraoral appliance
fabrication: a self-curing PMMA resin; a light-cured
UDMA-based resin; and an SLA 3D-printed resin. The
null hypotheses were that thermocycling would not sig-
nificantly affect Ra, and that no differences would be
observed between the materials in their response to ther-
mal aging. The findings of this investigation may provide
evidence-based guidance for material selection in the
fabrication of intraoral appliances, potentially improving
clinical performance and patient satisfaction.

Material and methods

Materials

This in vitro study evaluated 3 materials commonly
used for the fabrication of intraoral appliances. These
materials were selected based on their widespread clini-
cal application, distinct chemical compositions and dif-
ferent manufacturing methodologies, as reported in con-
temporary dental literature.?® Additionally, the selection
reflected the authors’ extensive clinical experience with
these materials.

The first material tested was a classic self-curing PMMA
resin (Estetic Ort; Wiedent, £6dZ, Poland) (PMMA group).
This material represents the conventional approach to
intraoral appliance fabrication and consists of separate
powder and liquid components. It served as the control
and reference material for intermaterial comparisons.

The second material evaluated was a light-cured
UDMA-based resin (DURASPLINT® LC; Scheu Dental,
Iserlohn, Germany) (UDMA group). This product
is supplied as preformed bars and consists primarily
of a UDMA matrix with minor additions of acrylic resin,
photoinitiators and cross-linking agents.

The third material investigated was a biocompatible
photopolymer specifically designed for SLA 3D printing
(Dental LT Clear V1; Vertex Dental, Soesterberg,
Netherlands) (SLA group). This product is classified
as a Class lla biocompatible resin composed mainly
of methacrylate oligomers, methacrylate monomers
and photoinitiators. Dental LT Clear is approved for the
fabrication of orthodontic and dental devices, including
occlusal splints.

Specimen preparation

A total of 72 standardized rectangular specimens were
fabricated (n = 24 per group). The specimen dimensions
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(40 mm x 10 mm x 2 mm) were selected following the
recommendations reported in similar studies.?%°

The PMMA specimens were prepared using a standard-
ized compression molding technique with metal molds
to ensure dimensional accuracy.?>-3! The material was
mixed according to the manufacturer’s instructions, with
a standardized powder-to-liquid ratio of 3:1 by weight.
The mixture was packed into the molds at the dough-
like stage, compressed between glass plates under 2.0 bar
pressure, and allowed to polymerize for 20 min at room
temperature (23 +1°C), followed by 30 min in a pressure
vessel (Polyclav®; Dentaurum, Ispringen, Germany) at
55°C and 2.5 bar pressure.*°

To ensure dimensional accuracy, the UDMA-based
specimens were prepared using calibrated silicone molds
and a compression technique. Polymerization was per-
formed inalaboratory light-curing unit (LC-6 Light Oven;
Scheu Dental) for 2 cycles of 10 min each. The specimens
were inverted halfway through the process to ensure com-
plete polymerization of both surfaces.®

The SLA specimens were designhed using Meshmixer v.
3.5.474 (https://meshmixer.org; Autodesk, San Francisco,
USA). Subsequently, the PreForm® software v. 3.28.1
(https://formlabs.com/software/preform; Formlabs Inc.,
Somerville, USA) was used to generate supports and
define printing parameters. The specimens were printed
using a 3D printer (Form 2; Formlabs Inc.) at a resolution
of 100 ym, with layers oriented at 90° to the building
platform. After printing, the specimens were washed
twice for 10 min in 99% isopropanol (STANLAB, Lublin,
Poland) and air-dried at room temperature for 30 min.
Subsequently, they were post-cured in a Form Cure
(Formlabs Inc.) at 80°C for 20 min. Finally, the supports
were removed by cutting and grinding.®

Following fabrication, all specimens were inspected
for defects such as porosities, inclusions or dimensional
irregularities. Specimens exhibiting any visible defects were
excluded and replaced. To remove processing artifacts,
specimen edges were polished with 1,000-grit silicon car-
bide paper (P.S. Trading, Otarzew, Poland). Water sand-
paper (grit P500, P1000, P1200; P.S. Trading) and 0.6-mm
pumice stone powder (Everall7, Warsaw, Poland) were
used to finish the specimens. The upper surface of each
specimen was polished for 1 min with a polishing paste
for resin and metals (Everall7) using POLIRET MINI
(REITEL Feinwerktechnik GmbH, Bad Essen, Germany).
The procedure was conducted in accordance with the
manufacturer’s instructions and available scientific literature
regarding chosen materials.®>*2 All polishing procedures
were performed by the same experienced operator to
minimize variability. Finally, each specimen was rinsed
under water and underwent ultrasonic cleaning (Elmasonic
S30H; Elma Schmidbauer GmbH, Singen, Germany)
in distilled water with a mild detergent (CLEAN and
CLEVER; IGEFA Handelsgesellschaft mbH & Co. KG,
Ahrensfelde, Germany) at 30°C for 10 min.


https://meshmixer.org
https://formlabs.com/software/preform
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Conditioning

All specimens were stored in artificial saliva (UKD saliva
solution; University Pharmacy, Dresden, Germany) for
72 h at 37°C to simulate the intraoral environment and
allow water sorption equilibrium,?932-35

Subsequently, the specimens were transferred to dis-
tilled water for an additional 48 h at 37°C.3¢ All specimens
underwent ultrasonic cleaning under the conditions
described above to remove surface contaminants.3"38

Thermal aging

Specimens from each group were randomly divided
into 2 equal subgroups (n = 12 per subgroup) according to
thermocycling exposure (5,000 or 10,000 cycles). Thermal
aging was performed using a thermocycler (THE-1200;
SD Mechatronik GmbH, Feldkirchen-Westerham, Germany).
The specimens were alternately immersed in distilled
water at 5°C and 55°C. Each cycle lasted 77 s, with 27 s
in each liquid container and 9-s drip time.?®3% A total
of 5,000 and 10,000 cycles were performed to simulate 6
and 12 months of clinical use, respectively.?®4° However,
it should be noted that the cycle-to-time correlation was
an estimate for comparative purposes only.

Surface roughness measurements

Surface roughness measurements were performed after
specimen preparation (initial), after conditioning (base-
line) and after thermal aging (5,000 or 10,000 cycles).
Surface roughness was measured using a contact pro-
filometer (Hommel-Etamic W20; JENOPTIK Industrial
Metrology Germany GmbH, Villingen-Schwenningen,
Germany) with the stylus method in accordance with
the VDE standard VDI/VDE 2602 Part 2, 2018-04: Sur-
face Measurement.*! For each specimen, 6 measurements
were taken: 3 longitudinal and 3 transverse, positioned
perpendicular to each other. The angle of measurement
for the diagonal printing path was 45°. The measurements
were conducted with a stylus tip radius of 2 um and a tip
angle of 90°. The feed mechanism moved horizontally

0.20
ns ns ns = initial
— 0.15 3 = .
£
= 0.10 = storage in artificial
& saliva (72 h) and
0.05 distilled water (48 h)
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Fig. 1. Box plot presenting the surface roughness (Ra) of the evaluated
materials at the initial time point (after specimen preparation) and after
storage in arti cial saliva (72 h) followed by distilled water (48 h)

PMMA - self-curing poly(methyl methacrylate) resin; UDMA — light-cured
urethane dimethacrylate-based resin; SLA — stereolitography 3D-printed
resin; ns — not significant.
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along the polished surface at a constant speed of 0.5 mm/s
and a measuring force of approx. 0.8 mN. The measuring
length was 4.8 mm, with a cut-off wavelength of 0.8 mm.
Subsequently, the arithmetic mean Ra value was calcu-
lated from the 6 measurements for each specimen at each
time point (initial, baseline, and 5,000 or 10,000 cycles)
within the thermal aging process.?®3 The change in Ra
(ARa) was calculated as the difference between baseline
Ra and Ra after thermal aging (5,000 or 10,000 cycles).

Statistical analysis

The results were analyzed using the GraphPad Prism
9.1.2. software (GraphPad Software, Boston, USA).
Descriptive statistics were presented as box plots showing
the five-number summary of data (minimum, first quar-
tile, median, third quartile, and maximum) (n = 12 for
each group) and as mean (M) xstandard deviation (SD)
in the text. Normality of data distribution was assessed
using the Shapiro—Wilk test, which confirmed normal dis-
tribution. For within-material comparison, differences in
Ra across time points were analyzed using repeated mea-
sures one-way analysis of variance (ANOVA) followed
by Bonferroni-corrected post hoc tests (o = 0.0167). For
between-material comparison, ARa values after 5,000 and
10,000 thermocycles were analyzed separately using one-
way ANOVA followed by Bonferroni-corrected post hoc
tests (a = 0.0167).

Results

The descriptive data for the initial Ra values and Ra
after conditioning (baseline) is shown in Fig. 1. The UDMA
group exhibited the lowest mean initial Ra values (0.078
+0.020 pum), whereas the SLA group showed the high-
est mean Ra values (0.096 £0.020 um). The coefficient
of variation for mean Ra within each material group
ranged from 13.314% (UDMA) to 28.992% (SLA). After
storing the specimens in artificial saliva and distilled
water, no significant changes in Ra were observed for any
of the tested materials (all p > 0.05) (Fig. 1). The coeffi-
cient of variation after conditioning ranged from 15.385%
(UDMA) to 23.736% (PMMA). A comparison of ARa val-
ues after storage in artificial saliva and water revealed no
statistically significant differences between the materials
(Table 1).

The effects of thermocycling on Ra are presented in
Fig. 2 and Table 2. An increase in mean Ra was observed
for all materials after thermocycling; however, statisti-
cally significant changes were detected only in selected
groups. After 5,000 thermocycles, significant increases
in Ra were observed for PMMA (0.103 £0.028 um before
and 0.167 £0.059 um after 5,000 cycles; p = 0.0001) and
SLA (0.095 £0.026 pm before and 0.110 +0.021 um after
5,000 cycles; p = 0.0006). No significant difference was
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Table 1. Changes in surface roughness (ARa) of the evaluated materials after storage in arti cial saliva (72 h) followed by distilled water (48 h), compared with
the initial time point (after specimen preparation)

Groups compared Mean 95% Cl
Variable Mean 1 Mean 2 difference of difference Summary

PMMA vs. UDMA 0.01067 —0.00025 0.01092 —0.00107-0.02290 2235 ns 0.0860
ARa after PMMA vs. SLA 001067  —0.00067 001133  -000065-002332  2.320 69 ns 0.0699
conditioning
‘ UDMA vs. SLA —0.00025 —0.00067 0.00042 —0.01157-0.01240 0.085 69 ns >0.9999 ‘

Differences in mean Ra values between the materials were analyzed using repeated measures one-way ANOVA followed by Bonferroni-corrected post hoc
tests (o = 0.0167).

Cl - confidence interval; t — test statistic; df — degrees of freedom; PMMA — self-curing poly(methyl methacrylate) resin; UDMA - light-cured urethane
dimethacrylate-based resin; SLA — stereolitography 3D-printed resin; ns — not significant.

Table 2. Changes in surface roughness (ARa) of the evaluated materials after thermocycling

Variable Groups compared Mean 95% Cl
(1vs.2) difference of difference

PMMA vs. UDMA 006433 000625 0.05808 0.03611-0.08006 6.667 33 <0.0001*

ggg;ﬁ;&es PMMA vs. SLA 006433 001508 004925 002728-0.07122 5653 33 <0.0001*

UDMA vs. SLA 000625 001508 -0.00883 ~003081-001314 1014 33 09541

PMMA vs. UDMA 009825 000167 0.09658 0.06624-0.12690 8028 33 <0.0001*

AR PMMA vs. SLA 009825 002442 007383 0.04349-0.10420 6.137 33 <0.0001*
10,000 cycles

UDMA vs. SLA 000167 002442 -0.02275 ~0.05310-0.00760 1891 68 02023

Differences in mean Ra values between the materials were analyzed using repeated measures one-way ANOVA followed by Bonferroni-corrected post hoc

tests (a = 0.0167).
* statistically significant (p < 0.0001).

found for UDMA (p > 0.05). The coefficient of variation
of the mean Ra ranged from 18.232% (SLA) to 34.735%
(PMMA). A comparison of non-aged specimens with
specimens subjected to 10,000 thermocycles demon-
strated significant differences for PMMA (Ra = 0.107
+0.024 pm before and Ra = 0.205 +0.060 pum after 10,000
cycles; p < 0.0001) and SLA (Ra = 0.096 +0.028 um
before and Ra = 0.121 +0.022 um after 10,000 cycles;
p = 0.002), whereas no significant changes were detected
for UDMA (p > 0.05) (Fig. 2). The coefficient of variation
ranged from 17.465% (UDMA) to 29.452% (PMMA).
Between-material comparison using one-way ANOVA
demonstrated statistically significant differences in ARa
values after thermocycling (p < 0.0001). Post hoc mul-
tiple comparisons revealed that the increase in the mean
Ra after both 5,000 and 10,000 cycles was significantly
higher in the PMMA group than in the UDMA and SLA
groups (all p < 0.0001). No significant differences in Ra
were observed between the UDMA and SLA groups
after 5,000 cycles (p = 0.954) or 10,000 cycles (p = 0.202)
(Table 2).

Discussion

The present study investigated the influence of artifi-
cial aging on Ra of 3 materials commonly used for the
fabrication of intraoral appliances: a self-curing PMMA
resin; a light-cured UDMA-based resin; and an SLA

3D-printed resin. The results demonstrated material-
specific responses to thermal aging, leading to the rejec-
tion of both null hypotheses.

Initial measurements revealed significant differ-
ences in Ra among the tested materials, with the light-
cured UDMA-based resin exhibiting the lowest Ra val-
ues. This finding is consistent with the results reported
by Mahross et al., who demonstrated that light-cured
UDMA resins typically present smoother surfaces than
conventional PMMA, potentially due to differences in
manufacturing processes and monomer composition.*?
The photopolymerization mechanism in UDMA-based
materials may allow for more homogeneous polymeriza-
tion with fewer internal defects, potentially contributing
to improved surface characteristics.*** Furthermore,

A = baseline B = baseline
0.3, w+s = 5000cycles 0.3, [ = 10,000 cycles
'E 0.2 ’_‘ ns *kk 'E‘ 0.2 |*_*|
= m ’_'g = g ns é
g 04 ﬁ EI z 04 : E]
&= g 2 & LT

0 T T T 0 T T T
PMMA UDMA SLA PMMA UDMA SLA

Fig. 2. Box plots illustrating the surface roughness (Ra) of the evaluated
materials before and after thermocycling

A. Comparison between baseline values (after conditioning) and values
obtained after 5,000 thermocycles; B. Comparison between baseline
values (after conditioning) and values obtained after 10,000 thermocycles.
**p <0.01; *** p < 0.001; **** p < 0.0001.
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the preformed bar presentation of light-cured UDMA-
based resin eliminates the need for mixing components,
reducing the risk of incorporating air bubbles or contami-
nants that may compromise surface integrity. On the
other hand, Wezgowiec et al., in a study comparing the
biocompatibility of 3D-printed, thermoformed and heat-
cured intraoral appliances, reported no statistically sig-
nificant differences in Ra between polished self-curing
PMMA, light-cured UDMA-based, and SLA 3D-printed
resins.

Storage in artificial saliva followed by distilled water did
not significantly influence Ra of tested materials in the
present study. However, previous research has demon-
strated the hydrophilic nature of PMMA and its relatively
high water sorption capacity.**-*” Conventional PMMA
undergoes hydrolytic degradation when exposed to aque-
ous environments, leading to monomer leaching and
disruption of the polymer network.*4° Bettencourt et al.
reported significant surface alterations in PMMA after
storage in artificial saliva, attributing these changes to
the combined effect of water sorption and the action
of saliva on residual monomers.5® With regard to the SLA
3D-printed resin, the findings reported in this study are con-
sistent with other reports indicating that similar storage
conditions did not significantly affect the Ra of Dental LT
Clear.>!

Thermocycling induced material-specific changes in
Ra, with the self-curing PMMA resin exhibiting the most
pronounced increase after both 5,000 and 10,000 cycles.
This deterioration in surface quality can be attributed to
several factors. First, PMMA has a relatively high coef-
ficient of thermal expansion compared to other dental
polymers, making it more susceptible to dimensional
changes under temperature fluctuations.®2% Second, the
powder—liquid mixing process in self-curing PMMA may
result in heterogeneous polymerization, residual mono-
mer content and porosities, creating weak points vulner-
able to thermal stress.>%5

Similarly to PMMA, the SLA 3D-printed resin dem-
onstrated significant increases in Ra after both 5,000 and
10,000 cycles. The layer-by-layer manufacturing process
inherent to SLA technology may create microscopic
interfaces between polymerized layers that become weak
points during thermal cycling. This finding is particu-
larly relevant considering the growing popularity of 3D
printing in dental applications. Time-dependent degra-
dation in 3D-printed dental resins can be attributed to
polymerization boundaries between layers, which become
more evident over time” It is worth emphasizing that
printing parameters, such as orientation, have been shown
to influence roughness and gloss of 3D-printed resins,
suggesting that optimization of these parameters may
enhance surface integrity.58 Artificial aging has also been
reported to affect other mechanical properties of Dental LT
Clear, including compressive and tensile strength.> However,
polishing procedures appear to mitigate aging-related
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damage.>® Moreover, flexural strength and dimensional
stability of other 3D-printed resins used in occlusal splint
manufacturing have been reported to depend on printing
and post-polymerization protocols.® Collectively, these
findings underscore the need for further research to
optimize protocols for 3D-printed resins.

In contrast, the light-cured UDMA-based resin dem-
onstrated remarkable stability after thermal aging, with
no significant changes in Ra even after 10,000 cycles.
This enhanced resistance to thermal degradation can
be explained by the high degree of conversion achieved
through controlled light polymerization, resulting in
a more densely cross-linked and stable polymer net-
work.*34 Additionally, the absence of residual monomer,
which typically acts as a plasticizer in self-curing resins,
contributes to improved thermal stability of UDMA-
based materials.®

From a clinical perspective, a Ra threshold of 0.2 ym
has been established as critical for bacterial adhesion,
with rougher surfaces promoting microbial colonization
and biofilm formation.? In the present study, all materials
maintained mean Ra values below this threshold even
after simulating 1 year of use (10,000 thermocycles),
suggesting acceptable clinical performance regarding
microbial resistance. However, the significant increase
in roughness observed for self-curing PMMA raises con-
cerns about its long-term performance without additional
polishing, particularly in patients with compromised oral
hygiene or increased susceptibility to candidiasis.®

The different responses to artificial aging observed
among the tested materials have important implications
for clinical material selection. Particularly, the significant
increase in Ra observed for PMMA and the 3D-printed
resin during simulated long-term use suggests that these
materials may require more frequent polishing compared
with UDMA-based resins. In our previous study, polish-
ing significantly reduced surface roughness parameters
(both Ra and roughness depth (Rz)) in conventional
PMMA and 3D-printed resins.®® However, clinical decision-
making should balance surface characteristics with other
relevant material properties, such as mechanical strength
and wear resistance.

Several limitations of the present study should be
acknowledged. Firstly, although thermocycling is a widely
accepted method for simulating thermal aging, it does
not fully replicate the complex aging processes of den-
tal materials in the oral environment, including masti-
catory forces, pH fluctuations and enzymatic activities.
Moreover, the cycle-to-time correlation is an estimate
for comparative purposes only, not a definitive predic-
tor of clinical longevity. Secondly, Ra reflects only one
aspect of material performance. Additional parameters,
such as hardness, tensile strength and wear resistance,
would allow for a more comprehensive evaluation of
aging behavior.5°806485 Furthermore, the study evaluated
only 3 commercially available materials, which may limit
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the generalizability of the findings across broader mate-
rial categories. Also, the specimen geometry used in this
study (flat rectangles) differs from the complex three-
dimensional structure of actual occlusal splints, potentially
influencing aging patterns.

Despite these limitations and considering the limited
available literature as well as the rapidly developing fields
of TMD management and dental sleep medicine, where
both traditional and digitally manufactured intraoral
appliances are increasingly used, the present study provides
a significant contribution to the field and a foundation for
further research.

Future research should address these limitations by
incorporating additional aging parameters. Studies evaluat-
ing the combined effect of thermal aging and mechanical
stress would be particularly valuable, as occlusal splints
are subjected to considerable forces during clinical use.
In this context, it would also be interesting to investigate
the mechanical surface wear of splint materials, taking
into consideration chewing forces, and to determine the
abrasion of microplastic particles. Comparative studies
in a chewing simulator could provide results regarding
microplastic particles that are currently the focus of
attention due to their harmful effects on general health.
Furthermore, exploring the relationship between surface
changes and other clinically relevant outcomes, such as
bacterial adhesion, staining susceptibility and patient
comfort, would provide more comprehensive guidance
for material selection. Despite the broad use and popular-
ity of the materials selected for the purpose of this study,
future studies should include a broader range of commer-
cially available materials within each category to better
assess in-group differences and improve the representa-
tiveness of results.

Long-term clinical trials comparing the performance
of different splint materials would be the gold standard for
validating laboratory findings and establishing evidence-
based recommendations. Additionally, the development
and evaluation of novel surface treatments or modifica-
tions aimed at improving the aging resistance of conven-
tional PMMA and 3D-printed resins represent promising
directions for future research.

Conclusions

The materials investigated for intraoral appliance fab-
rication exhibited significantly different responses to
thermal aging. The light-cured UDMA-based resin dem-
onstrated superior surface integrity, even after 10,000
thermal cycles. At the same time, the conventional self-
curing PMMA and SLA 3D-printed resins showed greater
susceptibility to thermal degradation, as reflected by sig-
nificant increases in Ra. Despite these differences, all
materials maintained Ra values below the clinically relevant
threshold for bacterial adhesion (0.2 pm).
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Abstract

Background. Secondary caries is one of the main reasons for the clinical failure in dental restorations.
Therefore, it is preferable for restorative materials to possess antibacterial properties, which support a long-
lasting restoration.

Objectives. The present in vitro study aimed to evaluate the effect of both the polyamidoamine (PAMAM)
liquid and hioactive glass (BAG) powder added to glass ionomer cements (GICs) on their antibacterial
properties.

Material and methods. Polyamidoamine was prepared and characterized. Four groups were distin-
guished, as follows: G — samples of commercially available GIC (control); GIl — samples of GIC mixed with
PAMAM: GlIl — samples of GIC mixed with BAG; and GIV — samples of GIC mixed with PAMAM and BAG.The
hiofilm assessment test was conducted using a colony forming unit (CFU) count, and the ion release test
was used to quantify the amount of released silica (Si), calcium (Ca), phosphorus (Ph), and sodium (Na)
ions in mgy/L. Thirty-six samples were prepared for each test. Furthermore, the pH of the soaking solution
was measured for each sample in the ion release test. The parametric data was examined using one-way
analysis of variance (ANOVA) followed by Tukey’s post-hoc test.

Results. The biofilm assessment test revealed a significant reduction in the recovered Streptococcus
mutans counts in all modified groups compared to the control group (p < 0.05). Also, the ion release test
demonstrated a significant increase in the release of Si and Na ions for all modified groups compared to the
control group (p < 0.05).

Conclusions. The modification of GICs with PAMAM and BAG enhances their antibacterial properties.

Keywords: bioactive glass, glass ionomer cement, ion release, antibacterial, polyamidoamine
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Highlights

D.M. Elbahi et al. Antibacterial activity of modified GICs

 Improving the antibacterial properties of restorative materials may help prevent secondary caries, the most common

dental complication.

» The modification of glass ionomer cements (GICs) with polyamidoamine (PAMAM) and bioactive glass (BAG)

improves their antibacterial activity and ion release.

» A positive correlation was observed between ion release and antibacterial activity in modified GICs, independent

of environmental pH.

Introduction

Glass ionomer cements (GICs) have a wide range
of clinical applications due to the possible modification
of their physical properties or chemical formulations.
Furthermore, the chemical adhesion of GICs to enamel
and dentin, the material's good marginal integrity, its
dimensional stability at high humidity, as well as its fluoride
(F) release and recharge are positive characteristics of the
material.! Moreover, GICs are considered the best materi-
als of choice for tooth repair by the atraumatic restorative
treatment (ART) and the restoration of tooth surfaces
with minimal preparations.?

Dental caries is one of the most prevalent and significant
dental problems. According to the World Health
Organization (WHO), approx. 60—90% of children world-
wide, and nearly 100% of adults, suffer from dental caries,
with secondary caries being one of the main reasons behind
the clinical restorative failure of GICs.> As Streptococcus
mutans is among the main microorganisms considered
the etiological factors for dental caries,* the prevention
of bacterial invasion, in the case of microleakage, becomes
the key to long-lasting dental restorations.® Glass ionomer
cements have been reported to be the most cariostatic
and antibacterial due to their F release,® exhibiting no or
low cytotoxicity.” However, annual clinical surveys have
declared that secondary caries remains the main reason
for GIC failure, indicating that the F release from GICs
is insufficient to inhibit bacterial growth or prevent the
bacterial destruction of the tooth structure.®

Glass ionomer restorations with antibacterial proper-
ties are highly desirable. Consequently, researchers have
investigated various modifications to increase the anti-
bacterial and physical properties of GICs, including the
addition of zirconium,® glass fiber,!® hydroxyapatite,*
bioactive glass particles,'?casein phosphopeptide-amorphous
calcium phosphate,® cetrimide, cetylpyridinium chloride,
chlorhexidine (CHX),'*and chitosan (CH).1

Bijle et al. investigated the influence of incorporat-
ing L-arginine (Arg), a semi-essential amino acid, into
GIC.'® They found that adding 4% Arg to GIC increased
its antibacterial activity via a biofilm modulatory effect
for microbial homeostasis.’® Additionally, Neelima et al.
investigated the antimicrobial efficacy of conventional

GIC with the addition of propolis, CH and CHX against
S. mutans and Lactobacillus acidophilus.t” It was con-
cluded that GIC with CHX revealed higher antimicrobial
activity against both strains. Streptococcus mutans and
L. acidophilus were effectively inhibited by GIC with
propolis and GIC with CH.

In several studies, bioactive glass (BAG) has been added
to GICs to improve their bioactivity and capacity for tooth
regeneration. Additionally, it has demonstrated antimicro-
bial properties within the oral cavity and low cytotoxicity to
dental pulp cells.*® Polyamidoamine (PAMAM) dendrimer,
on the other hand, is a highly developed polymer with
reactive endings. Among the PAMAM dendrimers that
harbor a variety of functional groups, the amino-terminated
PAMAM dendrimers (PAMAM-NH,) revealed the stron-
gest antibacterial activity. Functional amine groups get
adsorbed to the bacterial cell surface, diffusing through the
cell wall, with subsequent bacterial death.'® The antibacte-
rial mechanism of PAMAM dendrimers reveals an appar-
ent lack of inducing bacterial resistance to antibiotics,?
a phenomenon that may have negative consequences for
society.? With an increase in the generation number (G)
of PAMAM, the number of functional groups doubles.??
It has been stated that G2 or higher generation of PAMAM-
NH; can significantly damage bacteria, while G3 or higher
generation of PAMAM-NH, has the potential to damage
mammalian cells.® Therefore, it has been proposed that
a range of generations of PAMAM-NH, exists between
both thresholds, possibly having significant antibacterial
activity while maintaining tolerable toxicities. According
to previous studies, G3 or higher generation of PAMAM-
NH, dendrimers exhibited excellent antibacterial activities,
though they also demonstrated high toxicity.?

Gou et al. examined the long-term antimicrobial effect
and antiproteolytic potential of PAMAM-NH, cavity
cleanser, evaluating its binding capacity to dentin surfaces
to fulfill these effects.>* For antibacterial testing, colony
forming unit (CFU) counts and live/dead bacterial stain-
ing were performed. Antibacterial testing indicated that
PAMAM-NH, significantly inhibited bacterial growth on
the dentin disks compared with the control group, which
exhibited a similar level of antibacterial activity to that
of 2% CHX (p > 0.05). Also, evidence has demonstrated
the low cytotoxicity level of PAMAM-NH, toward human
dental pulp cells.>*
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To the best of our knowledge, no published study has
evaluated the effect of adding both PAMAM and BAG
on the antibacterial properties of GICs. Therefore, given
the importance of antibacterial properties in determin-
ing the success and longevity of dental restorations, this
study was conducted to evaluate the effect of the addi-
tion of both G2 PAMAM-NH, liquid and BAG powder to
GICs on their antibacterial properties. The effect of pH
and ion release ability of the modified GICs on their anti-
bacterial properties was also determined.

Material and methods

According to the calculated sample size, a total of 72
samples were prepared. The materials used in the study
are listed in Table 1. First, a pilot study was conducted
through a biofilm assessment test (CFU counts) to select
the optimum concentration of PAMAM (4, 8, or 16 mul-
tiple its minimum bactericidal concentration, which was
equal to 6.2%, 12.4% and 24.9% by volume (v), respectively)
that would be added to the cement liquid, and the
optimum concentration of BAG (5% or 10% by weight (w))
that would be mixed with the cement powder.

Based on the results of the pilot study, the addition
of 6.2% PAMAM and 5% BAG was discarded due to their
ineffective antibacterial effect, while 12.4% and 24.9%
concentrations of PAMAM were selected for incorpora-
tion into the cement liquid. Additionally, 10% BAG was
added to the cement powder.

Synthesis of polyamidoamine

To obtain the desired second-generation (G2)
PAMAM-NH, dendrimer, the hyperbranched PAMAM
polymer was synthesized by 4 steps of successive Michael
addition and amidation reactions. The starting reactants
were ethylenediamine as the core and methyl acrylate.
Firstly, the Michael addition reaction was executed in
a 500-mL round flask, in accordance with the following

Table 1. Characteristics of the materials used in the study

Glass ionomer filling material
(GC Gold Label 9)

46.1% SiO,, 26.9% CaO, 24.4% Na,0,

BAG nanoparticles 2.6% P,0s

99% contain <100 ppm of monomethyl

Methyl acrylate ether hydroquinone as an inhibitor

ReagentPlus® =99%
synonym: 1,2-diaminoethane
Messer® CAN Gas, 99.99%
absolute, for HPLC, =99.8% (GC)

Ethylenediamine

Methane
Ethanol
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protocol: 7.5 mL (0.12 mol) of ethylene diamine in 100 mL
of methanol was added dropwise to a solution of 42 mL
(1.25 eq, 0.46 mol) of methyl acrylate in 25 mL of methanol
over 1 h at 0°C. The mixture was stirred for 48 h at room
temperature. The reaction mixture was then subjected to
a process of evaporation using a rotary evaporator (R-210
Buchi; BUCHI Labortechnik GmbH, Essen, Germany)
to achieve a state of complete dryness. The addition step
was followed by the amidation step, which entailed adding
a solution of ethylene diamine in 50 mL of methanol at
0°C to 12.5 g (0.03 mol) of the methyl-terminated core
in 50 mL of methanol. The reaction mixture was heated
to room temperature and stirred for 12 h. The unreacted
amine and methanol were removed under a vacuum. Two
consequent steps of the Michael addition and amidation
reactions were carried out as previously described.? The
G2 PAMAM-NH, was prepared and characterized by
Fourier transform infrared analysis (FTIR) (wavelength
range: 400—4,000 cm™, spectrum resolution: 4 cm™)
(VERTEX 80 V; Bruker, Bremen, Germany) and proton
nuclear magnetic resonance (*H NMR) (Jeol 500 MHz;
Jeol, Freising, Germany).

Grouping of the study samples

A total of 72 samples were divided into groups and sub-
groups, based on the volume percentage of PAMAM lig-
uid (L2) added to the GIC liquid (L1), and the BAG pow-
der (P2) added to the GIC powder (P1). The groups were
prepared as follows (Fig. 1):

Gl: 100% P1 mixed with with 100% L1;
GIl: « GIl (A): 100% P1 mixed with L1:L2 at a ratio
of 87.52:12.48;
* Gll (B): 100% P1 mixed with L1:L2 at a ratio
of 75:25;
Glll: P1:P2 at a ratio of 90:10 mixed with 100% L1;
GIV: «GIV (A): P1:P2 at a ratio of 90:10 mixed with
L1:L2 at a ratio of 87.52:12.48;
* GIV (B): P1:P2 at a ratio of 90:10 mixed with
L1:L2 at a ratio of 75:25.

powder/liquid GC Corporation, Tokyo, Japan 1903071
Laboratory at the Department of Chemistry,
powder Faculty of Science, Suez Canal University, -
Ismailia, Egypt
liquid Sigma-Aldrich, Darmstadt, Germany M27301
liquid Sigma-Aldrich, Darmstadt, Germany E26266
gas Sigma-Aldrich, Darmstadt, Germany 769126
liquid Sigma-Aldrich, Darmstadt, Germany 34870

BAG - bioactive glass (prepared by the sol-gel technique); HPLC — high-performance liquid chromatography; GC — gas chromatography.
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Preparation of samples

According to the manufacturer’s instructions, the GIC
samples were prepared by mixing ata powder—liquid (P/L)
ratio of 3.6 to 1.0 (g/g). A digital balance (A200S; Sartorius,
Gottingen, Germany) was used to weigh each sample
individually. The P/L ratio was consistent across samples
in each group. For the samples modified with PAMAM
liguid and BAG powder, the GIC liquid was manually
mixed with PAMAM, and the GIC powder was manu-
ally mixed with the BAG particles. Afterward, the cement
powder was mixed with the cement liquid to form a paste,
which was placed in a Teflon mold with specific dimen-
sions, according to each test.

Bacterial strain and growth conditions

Streptococcus mutans ATCC 25175 was used as the test
organism in the study, and tryptic soy broth (TSB) supple-
mented with 0.3% w/v yeast extract was employed as its
culture medium. Whenever necessary, TSB was supple-
mented with 2% w/v agar. Streptococcus mutans was cul-
tured in a 5% carbon dioxide incubator (Binder GmbH,
Ulm, Germany) at 37°C under microaerophilic conditions.

Antibacterial tests

Determination of the minimum inhibitory
concentration and minimum bactericidal concentration

The antibacterial activity of PAMAM against S. mutans
was assessed. According to the Clinical and Laboratory
Standards Institute (CLSI) guidelines, the minimum
inhibitory concentration (MIC) and the minimum bacteri-
cidal concentration (MBC) of PAMAM were determined
by the broth microdilution method.?6:?

GIC bio Im assessment through CFU count

A total of 36 samples (6 disks/group) were prepared
according to the manufacturer’s instructions in a custom
Teflon mold with a diameter of 7.5 mm and a thickness
of 1.5 mm. The materials were mixed by a single opera-
tor, packed into the mold, covered, and pressed flat with
a glass slide.

The test was conducted within the first 24 h after sam-
ple preparation, with slight modifications. Briefly, the
disks from each group were placed in a 2-mL Eppendorf
tube containing 500 pL of TSB supplemented with 0.3%
w/v yeast extract and inoculated with a 10% v/v S. mutans
suspension (10 CFU/mL). In each trial, 2 disks of each
group were tested. Afterward, the Eppendorf tubes were
incubated for 24 h at 37°C in a 5% carbon dioxide incu-
bator (Binder GmbH). Growth control was performed by
incubating 2 Eppendorf tubes without adding disks to the
bacterial suspension.?
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Fig. 1. Grouping of the study samples

G — group; P1 — glass ionomer cement (GIC) powder; P2 — bioactive glass
(BAG) powder; L1 - GIC liquid; L2 — polyamidoamine (PAMAM) liquid.

After incubation, each disk was rinsed with 1 mL
of sterile phosphate-buffered saline (PBS) and vortexed
for 10 min at maximum speed in a new 2-mL Eppendorf
tube containing 500 pL of PBS. The resulting bacterial
suspensions were subjected to a 10-fold dilution with
sterile PBS. Ten microliters from each dilution were spot-
ted on tryptic soy agar plates supplemented with 0.3% w/v
yeast extract, for the purpose of the viable count. The
CFU of S. mutans/disk were counted, and the results were
tabulated and statistically analyzed.

Growth control tubes were used to measure the bacte-
rial count and to verify whether the experimental condi-
tions would affect the growth of S. mutans.

lon release test

A total of 36 samples (6 disks/group) were prepared
using a split Teflon mold with a diameter of 7.5 mm and
a thickness of 1.5 mm. During the preparation of the sam-
ples, a convenient length of stainless steel orthodontic lig-
ature wire was inserted into the sample before its final set-
ting. A 10-mm piece of stainless steel wire was projected
from the ring to ensure proper handling of the sample and
its complete immersion in the deionized water (Fig. 2).

The soaking water was collected after 7 days. The ana-
lyzed solution was used to quantify the released silica
(Si), calcium (Ca), phosphorus (Ph), and sodium (Na)
ions in mg/L using inductively coupled plasma optical
emission spectrometry (ICP-OES) (Agilent 5100; Agilent

Fig. 2. Glass jars containing the ion release test samples
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Technologies Inc., Petaling Jaya, Malaysia).?° The results
were tabulated and statistically analyzed.

Measurement of the pH

The soaking solution obtained from each sample of the
ion release test was further used to measure its pH with
an Adwa AD8000 electrode (Adwa Instruments, Nusfalau,
Romania) by the immersion in the central part of the solution.
Assessments of pH were performed 24 h after specimen
preparation.®® The electrode was cleaned and recalibrated,
and the results were tabulated and statistically analyzed.

Statistical analysis

The numerical data was assessed for normality by
checking its distribution and using Kolmogorov—Smirnov
and Shapiro—Wilk tests. All values were expressed as
mean xstandard deviation (M £SD). The SPSS Statistics
for Windows software, v. 17.0 (SPSS Inc., Chicago, USA)
was used for the analysis. The parametric data was
examined with one-way analysis of variance (ANOVA),
followed by Tukey’s post-hoc test for multiple comparisons.
A value of p < 0.05 was considered statistically significant.
Pearson’s correlation and linear regression analysis were
used to test the relation between parameters.

Results

Characterization of the prepared PAMAM
dendrimers

Fourier transform infrared analysis

The FTIR spectrum for the prepared PAMAM is shown
in Fig. 3. The peaks at 3,289 cm™, 2,944-2,836 cm™ and
1,629 cm™, were assigned to N—H, C—H Aliphatic and
C=0, respectively, indicating the main constituent chemi-
cal functional groups of the prepared PAMAM.

Proton nuclear magnetic resonance

The *H NMR spectrum for the prepared PAMAM liquid
is shown in Fig. 4. The peaks at 4.67 9, 3.15 6 and 2.61 9,
were assigned to NH, CH,—N and CH,—CO, respectively,
ensuring thorough characterization of the composition
of the prepared PAMAM.

Antibacterial tests

Minimum inhibitory concentration and minimum
bactericidal concentration

The recorded MIC and MBC for PAMAM against
S. mutans were 0.78125 +0% v/v and 1.5625 0% v/v,
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respectively. The MBC was used to determine the optimal
concentration of PAMAM that would be added to GICs.

Bio Im assessment assay

The results of the biofilm assessment test are listed in
Table 2. A significant decrease in the number of recovered
bacteria was detected in all modified groups compared to
the control group (GI) (p < 0.05). In addition, there was
a significant reduction in bacterial counts in GIV (B) in
comparison to GlI (A) (p < 0.05).

The experimental conditions did not affect the growth
of S. mutans, as indicated by the bacterial count recovered
from the growth control tubes (logyg 8.33 £0.124 CFU).
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Fig. 3. Fourier transform infrared analysis (FTIR) spectrum for the second
generation (G2) amino-terminated polyamidoamine (PAMAM) dendrimer
(PAMAM-NH,) (VERTEX 80 V; Bruker, Bremen, Germany)
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Table 2. Results of the bio Im assessment test and the ion release test

D.M. Elbahi et al. Antibacterial activity of modified GICs

Biofilm Silica ions
[logso CFU/disk] [mg/L]
M £SD M £SD
Gl 6.15 0,31 bedef 9.38 £3,23bcdef
- Gll (A) 447 £1.23% 35.14 +4.86%f
Gll (B) 362 +0.38° 4523 +1,682¢
Glll 393 +0.38° 27.85 +6.68%c¢f
-y GIV (A) 3.88 +0.662 61.01 +8,072bcd
GIV (B) 299 +1.11% 50.85 +8.462bd

Sodium ions Calcium ions Phosphorus ions

[mg/L] [mg/L] [mg/L]

M +SD M +SD M +SD
16.83 £2.01bcdef 0.31 +0.15%f 0.61 +0.37°def
30.73 £5.11% 0.55 +0.344f 1.67 £0.329¢f
48.92 +4,133bdef 0.56 +0.2241 2.49 +0.48%f
36.62 +2.443ce 5.94 +2.062° 3.68 £1.03%N
25.34 +2.35%f 5.6 £1.92% 513 +1.37%¢
3241 +4.69%¢ 6.76 +1.0320c 4.16 +0.76%°

M — mean; SD — standard deviation; CFU — colony forming units; G — group. Different uppercase letters indicate statistically significant differences between
the groups (p < 0.05). Letters 2 °, ¢, 9 ¢ and findicate significant differences when compared to Gl, GlI (A), Gl (B), GlII, GIV (A), and GIV (B), respectively.

lon release test

The results of the ion release test are listed in Table 2.

Silica and sodium ion release

There was a significant increase in the release of Si and
Na ions in the solution for all modified groups compared
to the control group (GI) (p < 0.05). A significant increase
in the amount of Si ions released in GIV (A) was observed
in comparison to GI, Gll (A and B) and GllII (p < 0.05).
At the same time, GlII (B) showed a significant increase in the
amount of released Na ions compared to the other groups
(p <0.05).

Calcium ion release

There was a significant increase in the amount of the
Ca ions released in GlIl and GIV (A and B) compared to
the control group (Gl) (p < 0.05). An insignificant differ-
ence in the amount of Ca ions was observed between Gl
and GlI (A and B) (p > 0.05).

Phosphorus ion release

There was a significant increase in the amount of the
released Ph ions in Gl (B), Glll and GIV (A and B), com-
pared to the control group (GI) (p < 0.05). An insignifi-
cant difference in the amount of released Ph ions was
noted between Gl and GlII (A) (p > 0.05).

pH test of the soaking solution after 24 h

The pH test results for the soaking solution after 24 h
in the various investigated groups are listed in Table 3.
There was an insignificant difference in the pH between
the control group and all modified groups (p > 0.05).
A significant decrease in the pH of the solution of GIV
(A and B) was observed when compared to the GlI (A)
and GllII solutions (p < 0.05).

Discussion

The most common reason for restorative failure is sec-
ondary caries, which is mainly caused by oral bacteria.®*
In recent years, a significant body of research has been
conducted to develop antibacterial dental restorative

materials that could enable the eradication of the cause
of dental caries.®> An effective antibacterial lining
material may address potential issues such as the remnant
cariogenic microorganisms after partial caries removal.®
Therefore, this study aimed to investigate the interaction
of S. mutans with GICs modified with BAG and PAMAM
in terms of bacterial growth.

The conventional glass ionomer (GC Gold Label 9,
high-strength posterior restorative) was selected due to
its high P/L ratio, which offers significant advantages over
other commonly used restorative dental materials. It has
become the material of choice in the ART technique.3*%
Furthermore, it is a resin-free material presented in pow-
der and liquid formats for manual mixing, and it sets
chemically, without the need for light curing. This charac-
teristic facilitates the ART procedures for young and old
individuals, as well as in low-income countries.® The
material was preferred over encapsulated materials because
it more readily permitted modification of its constituents
by the inclusion of PAMAM and BAG additives.

In this study, G2 PAMAM-NH, was selected as an anti-
bacterial agent due to its 16 primary amine surface
functional groups, which result in lower toxicity,?® and its
relatively simple and cheap synthesis when compared to
higher generations.

In the present study, finishing and polishing procedures
for the samples were not performed to avoid surface
contamination before interaction with the S. mutans

Table 3. Results of the pH test

pH of the soaking solution

Group M +SD

Gl 6.17 £0.05
- GlI (A) 6.18 +0.09¢f

GlI (B) 6.15 +0.05
Glil 6.23 +0.11¢f

GIV (A) 5.85 +0.120d
GIV

GIV (B) 5.83 +£0.19%

Different uppercase letters indicate statistically significant differences
between the groups (p < 0.05). Letters ®, 9, ¢, and indicate significant
differences when compared to Gll (A), Glll, GIV (A), and GIV (B), respectively.
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biofilm, which should require sterilization of the samples.’
Sterilization methods were not preferred as they might
have an impact on the properties of the studied restor-
ative materials, degradation, crack formation, as well as
other surface modifications of the GIC.38%

In the pilot study, MBC was selected as the starting
concentration of PAMAM on 4 occasions due to its
established efficacy in in vivo settings.*® As no effective
difference in the recovered bacterial count was achieved
between the control group and the modified groups,
the added concentrations of PAMAM and BAG were
doubled.

In the biofilm assessment assay, the control group
exhibited antibacterial properties, likely attributable to the
release of F in the vicinity of the cement, and the low pH
of GICs during the setting process. This result is consis-
tent with the findings reported by Shashibhushan et al.#
and Kramer et al.*?

Also, the antibacterial properties of GII might be due to
the antibacterial properties of PAMAM-NH; and its abil-
ity to disrupt the bacterial cell,?® an outcome that aligns
with the observations reported by Maleki et al.* and
Matboo et al.* The results of the ion release test indicated
a greater release of Si, Na, Ca, and Ph ions from GlI
compared to the control group, a phenomenon that could
potentially explain their enhanced antibacterial properties.

Additionally, the antibacterial properties of GIl may
be due to the antibacterial effects of BAG particles on
S. mutans.*® The ion release test results indicate a higher
Si, Na, Ca, and Ph ion release, which may account for its
enhanced antibacterial effect compared to the control
group. Furthermore, it was revealed that needle-like BAG
debris on the bacterial surfaces disrupted the bacterial
structure, indicating that debris from BAG-modified GIC
was among the causes of bacterial death.*®

Moreover, the elevated antibacterial properties of GIV,
which surpass those of all other groups, might result from
the increased release of Si, Ca and Ph ions, as well as
the potential antibacterial effect of the added BAG and
PAMAM.

In the ion release test, the modified groups showed
higher Si, Na, Ca, and Ph ion release in comparison to
the control group. This may be due to the addition
of PAMAM aid in the initial attack of the glass particles
by both polyacrylic acid and PAMAM, causing the chela-
tion of more ions that ionize during the test. It has been
stated that PAMAM with different terminal groups pos-
sesses calcium coordination sites that attract free calcium
and phosphate from the saliva.*’ Furthermore, the bioac-
tive nature of BAG is related to its ion release ability.* The
modification of GIC by adding BAG particles composed
of Si, Na, Ca, and Ph,%which dissolve in the solution, may
lead to an enhanced amount of ion release compared to
GIC alone. The results on Si ion release were consistent
with those reported by Yli-Urpo et al.,?° though they did
not align with their observations on Ca and Ph ion release.
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The pH of the soaking solution was measured to inves-
tigate its effect on the antibacterial activity of the modi-
fied GIC. The study revealed an insignificant difference in
the pH of the soaking solution after 24 h between the con-
trol group and all modified groups. This finding suggests
that the antibacterial activity of the modified groups may
be due to their chemical composition and ion-releasing
ability, rather than the pH.

Limitations

The present research is not without its limitations. First,
sterilization of the samples was not performed before
conducting the antibacterial test. Also, biocompatibility
tests for the PAMAM and BAG-modified GIC samples
were not conducted. In addition, the pilot study indicated
that the added percentages of PAMAM and BAG had to
be selected as the least effective antibacterial concentra-
tion to prevent alterations in mechanical properties and
setting time.

Conclusions

The modification of GICs with PAMAM and BAG has
been demonstrated to enhance their antibacterial proper-
ties. Also, it has been shown that the higher the ion release
ability of the modified GICs, the more pronounced their
antibacterial effect, independent of pH. The hypothesis
of the present study was rejected, as the PAMAM and BAG
added to GICs enhanced their antibacterial properties.
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Abstract

Background. The number of patients with bone defects is increasing. The treatment of damaged bones
or bone defects is essential. Bone graft materials are frequently used in bone repair procedures. Researchers
are attempting to replace damaged or defective bones with artificial ones, while also striving to improve
the mechanical and biological compatihility of the scaffolds.

Objectives. The study aimed to establish and validate novel demineralized freeze-dried hovine bone
yenograft nanoparticles (DFDBBX-NPs) for enhancing bone repair.

Material and methods. Demineralized freeze-dried bovine bone xenograft nanoparticles were
extracted from bovine femoral bone. The physicochemical and biochemical properties of both native
and demineralized freeze-dried materials were evaluated using Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), field-emission scanning electron microscopy (FESEM), and the Brunauer—
Emmett—Teller (BET) analysis. Enzyme-linked immunosorbent assay (ELISA) kits were utilized to determine
the content of type 1 collagen (Col-1) and bone morphogenetic protein-2 (BMP-2), water content percent-
age (WCP), and enzymatic degradation.

Results. The physicochemical analysis revealed non-porous DFDBBX-NPs with near spherical shapes
of various sizes. The dried sample presented the nanoparticles agglomerated together, with an average
size of 1050 nm. The nanoparticles exhibit a type IV isotherm with an H3 hysteresis loop. They have
a BET-specific surface area of 3 m%/g and a pore diameter of approx. 5.9 nm. The bioactive content
of BMP-2 was higher than that of Col-1 in the DFDBBX-NPs. The DFDBBX-NP scaffold exhibited a slow rate
of enzymatic degradation (0.098—0.240% over 14 days) and high water absorption (WCP ~202—215%).

Conclusions. Demineralized freeze-dried bovine bone xenograft nanoparticles demonstrated remarkable
potential for the development of new hone grafts.

Keywords: bone graft, demineralized bovine bone, osteogenic, bone regeneration
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» Demineralized freeze-dried bovine bone xenograft nanoparticles (DFDBBX-NPs) exhibit favorable physicochemical
properties and nanoscale dimensions, supporting their suitability as bone graft materials.
» The osteoinductive potential of DFDBBX-NPs is supported by the presence of bioactive proteins, with BMP-2

levels exceeding those of collagen-1.

» DFDBBX-NP scaffolds demonstrate controlled disintegration and effective water absorption, indicating their

potential for bone tissue regeneration and restoration.

Introduction

Bone grafting is one of the most commonly performed
tissue transplantation procedures. Bone graft materials are
widely used to repair bone defects resulting from various
pathological conditions.*? In dental practice, bone dam-
age can be attributed to numerous factors, including
tumors, cysts, periodontitis, or trauma. Therefore, there
is an increasing demand for research on the development
of bone graft materials. An ideal bone graft material must
be osteoinductive, biocompatible, osteoconductive, bio-
resorbable, porous, easy to use, mechanically resistant,
cost-effective, and have a bone-like structure. Several types
of bone grafts are available, namely autografts, allografts,
xenografts, and alloplasts.®-5 Autografts are considered
the gold standard in bone grafting because they contain
viable bone cells that contribute to osteogenesis and release
growth factors that promote osteoinduction.®” Although
autogenous grafts are currently employed in dentistry,
their usage requires a second surgery. The development
of bone graft substitutes is therefore necessary to reduce
the complexity of bone extraction for autograft.®® These
issues and the shortcomings of allogeneic transplantation,
such as the transmission of possible infections and the
lack of osseointegration with host tissues, have prompted
researchers and clinicians to explore novel graft solutions
using challenging biomaterial techniques.®

Biomaterials are being continuously developed as an alter-
native option to restore damaged bone tissue. Xenograft
was designed to overcome the disadvantages of autograft-
ing, regarded as the gold standard. Xenografts have similar
structure to human bone and are abundant in resources.
A demineralized freeze-dried bovine bone xenograft
(DFDBBX) facilitates osteoconduction, thereby promot-
ing the regeneration of alveolar bone. Recent studies have
reported that deproteinized bovine bone mineral (DBBM)
has poor biodegradation properties.!'? Researchers start-
ed focusing on the regeneration of bone tissue in a potential
3D scaffold, a field of study known as bone tissue engineer-
ing (BTE).**1 Demineralized freeze-dried bovine bone
xenograft nanoparticles (DFDBBX-NPs) have been deve-
loped as alternative bovine-derived bone substitutes. These
nanoparticles are produced through the demineralization
of bovine bone, which removes the inorganic mineral
phase while preserving organic components that contain

osteoinductive growth factors, such as bone morphogenetic
proteins (BMPs). The ideal scaffold should exhibit optimal
compatibility, be non-toxic to cells and biodegradable.
For this reason, a physical and chemical characterization
of DFDBBX-NPs is necessary.

Material and methods
Synthesis of DFDBBX-NPs

The study was approved by the Health Research Ethics
Committee, Faculty of Medicine, Universitas Brawijaya,
Malang, Indonesia (approval No. 176/EC/KEPK/07/2022).
The demineralized freeze-dried bovine bone was derived
from bovine femoral bone after removal of all adherent
soft tissues. The bone was cut into fragments measuring
3 mm x 3 mm, and washed using hydrogen peroxide
solution to ensure complete removal of blood and any
residual fatty tissue. Subsequently, the samples were rinsed
in a solution of sodium chloride (NaCl) and aquadest to
remove residual peroxide, and soaked in 1% hydrogen
chloride (HCI) solution for 24 h, until the minerals dis-
appeared. The samples were freeze-dried using a lyophilizer
system (FreeZone® 4.5; Labconco Corporation, Kansas
City, USA).

Characterization of DFDBBX-NPs

Fourier-transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) of the
samples was conducted using a spectrometer (Thermo
Scientific™ Nicolet™ iS10; Thermo Fisher Scientific,
Waltham, USA) at a scanning range of 400—4,000 cm™
and with a resolution of 4 cm™.

X-ray di raction

X-ray diffraction (XRD) measurements were carried
out using powder diffraction (X'pert® Powder; Malvern
Panalytical Ltd, Malvern, UK). The obtained XRD pattern
was compared to the International Centre for Diffraction
Data (ICDD) patterns. The analysis was performed on
an XRD machine (D8 ADVANCE; Bruker, Billerica, USA).
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Surface morphology

Field-emission scanning electron microscopy (FESEM)
images of the samples were obtained using a FlexSEM
1000 microscope (Hitachi Ltd., Tokyo, Japan). A Leo
1450VP microscope (ZEISS, Oberkochen, Germany) was
used to further evaluate the morphology and size of the
nanoparticles. Samples were mounted directly onto alu-
minum stubs, to which a gold coating was applied prior
to examination. Micrographs were recorded at magnifica-
tions of x10,000, x20,000 and %50,000.

Survey area and pore size analysis

The Brunauer—Emmett—Teller (BET) surface area
of the samples was measured using a BELSORP-mini Il
(BEL Japan, Inc., Toyonaka, Japan) based on nitrogen gas
adsorption—desorption isotherms at 77 K and evaluated
using the BET equation. Demineralized freeze-dried
bovine bone xenograft nanoparticles were inserted into
a sample holder, heated and degassed using a sample
cleaning station to clean the samples. Next, liquid nitrogen
was poured into a dewar for the subsequent analysis with
agas pycnometer (AccuPyc I11; Micromeritics®, Norcross,
USA). The BET-specific surface area, adsorption—
desorption isotherms, pore diameter, and pore volume
were recorded. The Barrett—Joyner—Halenda (BJH)
desorption method was used to determine the pore dia-
meter and volume of the samples.

ELISA testing

Enzyme-linked immunosorbent assay (ELISA) Kkits
(type 1 collagen (Col-1): E1378; BMP-2: E2240) were pur-
chased from Bioassay Technology Laboratory (Shanghai,
China). The kits were used to quantify the content of anti-
Col-1 and BMP-2 in demineralized and control samples.
Briefly, approx. 50 mg of DFDBBX-NPs was transferred
into a 50 yL of the extraction buffer. Subsequently,
10 pL of anti-Col-1 antibody and 50 uL of streptavidin-
horseradish peroxidase (HRP) were added to each of the
samples. After incubation at 37°C for 60 min, the plate was
unsealed and washed 5 times using wash buffer, followed
by 3 freeze—thaw cycles. Then, the samples were sonicat-
ed using an ultrasonic tip to extract proteins. The total
protein content was determined by means of a microplate
reader set (Thermo Scientific Multiskan GO; Thermo
Fisher Scientific) at 450 nm within 10 min after the addi-
tion of the stop solution.

Water content percentage

The scaffold used as a sample was weighed to determine
its initial weight (W;). Then, it was placed into an Eppendorf
tube and immersed in 1 mL of phosphate buffer saline
(PBS) solution (pH = 7.4) for 3, 7 and 14 days at 37°C.
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Next, the scaffold was slowly extracted using small
tweezers to avoid any potential damage, dried with filter
paper, and weighed to determine its final weight (W,).
The weight loss was calculated using the following formula
(Equation 1):

weight loss [%] = (Wo — W)/ W, x 100 1)

Enzymatic degradation

The second scaffold used as a sample was weighed
to determine its initial weight (W,). The scaffold was
immersed in 1 mL of solution (PBS and 50 pg/mL collagenase
enzyme) for 3, 7 and 14 days. Then, the scaffold was
removed from the medium, washed with distilled water,
frozen at —80°C, and freeze-dried for 24 h (2 cycles).
The final weight (W,) was recorded. The procedure was
repeated for 3 days and 7 days. The degradation rate was
calculated using the following formula (Equation 2):

degradation rate [%] = (Wo — W¢)/Wo x 100 2

Statistical analysis

The collected data was entered into a Microsoft Excel
spreadsheet (Microsoft Corp., Redmond, USA) and
analyzed using the IBM SPSS Statistics for Windows soft-
ware, v. 22.0 (IBM Corp., Armonk, USA). Descriptive data
was presented as frequency and percentages (n (%)) for
categorical variables and as median values with interquartile
range (Me (IQR)) for continuous variables. The Kruskall—
Wallis test was used to compare the variables between the
study groups. A p-value <0.05 was considered statistically
significant.

Results

FTIR analysis

The FTIR of DFDBBX-NPs exhibited the most intense
bands at 400—4,000 cm™, with transmittance values
of approx. 70—100%. As shown in Fig. 1, the DFDBBX-NPs
exhibit prominent absorption peaks at 3,539.38, 3,485.37,
3,375.43, 3,319.49, 3,302.13, 3,223.05, 3,203.76, 3,165.19,
3,084.18, 3,068.75, 2,960.73, 2,879.72, 2,318.44, 2,268.29,
2,131.34, 2,090.84, 1,990.54, 1,415.75, 1,336.67, 1,234.44,
1,205.51, 1,141.86, 1,035.05, 991.41, 960.55, 873.75, 752.24,
601.79, and 569.00 cm™. Hydroxyapatite (HA) absorption
bands were detected in the ranges of 500—700 cm™
and 900-1,200 cm™, while collagen-associated bands
appeared primarily between 1,200-1,700 cm™ and
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Fig. 1. Fourier transform infrared spectroscopy (FTIR) analysis

2,800—3,700 cm™. Carbonate apatite was identified by
characteristic bands at 870-880 cm™ (single band) and
1,400—1,450 cm™ (double band). The results of FTIR
indicate that the absorption peaks at 1,205.51, 1,234.44,
1,336.67, and 1,415.75 cm™ were attributed to amide IlI
and CH, bending vibrations of collagen, while the broad
bands found at 3,302.13 and 3,319.49 cm™! were associ-
ated with amide A (N—H stretching). Additional peaks in

Table 1. X-ray di raction (XRD) peak positions of demineralized freeze-
dried bovine bone xenograft nanoparticles (DFDBBX-NPs)

11.6921 21.98 0.3149 7.56893 2541
21.0432 3427 0.2362 422186 39.61
25.9501 27.58 0.1968 343360 31.88
29.3894 38.38 0.1968 3.03916 4437
30.6090 2356 0.2362 292078 2723
31.8002 86.50 0.3936 2.81404 100.00
34.1693 30.88 0.3936 262416 3570
37.1137 599 04723 242246 6.93
39.6543 11.73 0.6298 227292 13.56
46.7130 13.99 04723 1.94460 16.17
49.4208 870 04723 184421 10.05
53.2930 8.68 04723 1.71898 10.04

FWHM - full width at half maximum.

1,750
wavenumber [cm'1]
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the range of 2,879.72—3,539.38 cm~ were related to amide
A and B vibrations, confirming the presence of Col-1 in
the DFDBBX-NPs. These findings indicate that the de-
mineralization process effectively preserved the collagen
structure within the scaffold, while the freeze-drying
process retained proteins and minerals.

X-ray di raction

The results of the XRD analysis of DFDBBX-NPs
present the chemical composition of the samples (Table 1).
Pure HA and brushite were the primary crystalline phases,
with HA being the most abundant (69%), followed by
brushite (31%). The crystalline phases revealed strong
peak characteristics at 20 values of 11.69°, 21.04°, 25.95°,
29.38°, 30.60°, 31.80°, 34.17°, 37.11° 39.65° 46.71°,
49.42°, and 53.29°, with a purity value of 100%.

Surface morphology

As shown in Fig. 2 and Fig. 3, the resulting particles
exhibit non-uniform and irregular morphologies, with
evident agglomeration. The formation of agglomerates
is attributed to the wide particle size distribution. The
aggregation is likely driven by direct interparticle inter-
actions, such as Van der Waals forces or chemical bonds.
Figure 4 presents nanosized particles at a magnification
of x50,000. Nanoparticles are generally defined as solid
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particles with sizes ranging from 10 nm to 1,000 nm.
However, pronounced aggregation at this magnification
indicates the coexistence of both nano- and microscale
particles, making precise size determination difficult and
suggesting that only a fraction of the particles fall within
the microscale range.

Survey area analysis

The BET surface area analyses of the sample were con-
ducted, and its BET adsorption and desorption isotherms
with pore size distribution are given in Fig. 5 and Fig. 6.
The type IV isotherm with an H3 hysteresis loop, based on
the International Union of Pure and Applied Chemistry
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(IUPAC) classification, is indicative of mesoporous
materials, which consist of aggregates of plate-like particles,
resulting in slit-shaped pores. The BET-specific surface
area of the sample is 3 m?/g with a BJH pore diameter
of 5.9 nm, and a total pore volume of 0.008680 cm®/g.

Water content percentage

The water content percentage (WCP) in the DFDBBX-
NP scaffold was evaluated to determine its capacity for
water absorption. The average WCP values are presented
in Table 2. Scaffolds with higher water content generally
exhibit improved cell infiltration and nutrient transport.
The average WCP of the DFDBBX-NP scaffold on the
37 day was 201.98%; on the 7t day, it was 201.19%; and on
the 14™ day, it was 214.50% (Fig. 7).

Table 2. Water content percentage (WCP) in the demineralized
freeze-dried bovine bone xenograft nanoparticle (DFDBBX-NP) sca old
over the study period

Day 3 12.65 38.20 201.98
Day 7 1525 45,95 20119
Day 14 13.10 41.20 21450

W, — initial weight; W, — final weight.
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Fig. 7. Water content percentage (WCP) in the demineralized freeze-dried
bovine bone xenograft nanoparticle (DFDBBX-NP) sca old over the study
period

Enzymatic degradation

The scaffold was monitored to determine its enzymatic
degradation rate. The DFDBBX-NP scaffold exhibited
degradation rates of 0.098% after 3 days, 0.207% after
7 days and 0.240% after 14 days of immersion (Fig. 8). The
mean values are presented in Table 3.
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Fig. 8. Enzymatic degradation of the demineralized freeze-dried bovine
bone xenograft nanoparticle (DFDBBX-NP) sca old over the study period

Table 3. Enzymatic degradation of the demineralized freeze-dried bovine
bone xenograft nanoparticle (DFDBBX-NP) sca old after 3, 7 and 14 days
of incubation

Enzymatic degradation

[%]

Day 3 19.20 1755 0.098
Day 7 19.10 16.40 0.207
Day 14 27.75 23.20 0.240
ELISA testing

The BMP-2 content (0.52 ng/mg) in the DFDBBX-NPs
was higher than that of Col-1 (0.31 ng/mg) (Fig. 9).
Demineralized bovine bone xenografts are organic
materials with inherent osteogenic potential. They
contain bioactive molecules such as Col-1 and BMP-2,
which play essential roles in osteoinduction and
osteoconduction.

0.6
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growth factor content [ng/mg]
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0.0 -
Col-1 BMP-2

Fig. 9. Growth factor content in the demineralized freeze-dried bovine
bone xenograft nanoparticles (DFDBBX-NPs) as determined by enzyme-
linked immunosorbent assay (ELISA)

Col-1 - type 1 collagen; BMP-2 — bone morphogenetic protein-2.
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Discussion

The FTIR analysis of the DFDBBX-NPs demonstrated
characteristic peaks corresponding to both organic and
inorganic components. Absorption bands at 2,593 cm™
and 2,002 cm™ indicates interactions between the
organic matrix and minerals. The peak at 1,791 cm™ is
attributed to the absorption of the C=0O group from the
primary amide, whereas the peak of 1,620 cm™ indicates
the deformation of NH, from amide | and C—N stretching
vibrations of the secondary amide. Asymmetric stretch-
ing vibrations observed at 1,147 cm™ and 1,089 cm™ are
associated with the absorption from the PO, group. The
presence of the PO, group is supported by stretching and
bending vibrations with absorption bands at 966 cm™
and 574 cm™. Bending vibrations of the CO; group were
identified at 1,456 cm™and 873 cm™. Overall, the FTIR
confirms the presence of a mineral matrix primarily com-
posed of phosphate and calcium ions forming HA crystals
(Cayo(PO4)s(OH),), bicarbonate, and an organic phase
consisting of the C=0 group, CN, C—O—C, and OH.16

The XRD characterization graph of the DFBBX-NPs
revealed the presence of HA and brushite. Hydroxyapatite,
known in the literature as hydroxylapatite, is a rare natural
mineral with the chemical formula of Cas(PO,)3(OH),
which is commonly expressed as Cajo(PO,)s(OH), to in-
dicate that the crystalline unit cell consists of 2 entities.
Due to its chemical similarity to the mineral component
of human bone and teeth, HA is widely used, especially as
a filling material, to repair bone defects.” The high crystal-
linity of HA contributes to its enhanced mechanical
strength. However, if the crystallinity is too high, it will
be more difficult to absorb it into the body than bone
apatite. The crystallinity level of bovine HA can be controlled
by adjusting the annealing temperature and holding time
during the preparation of HA from bovine.’81°

The nanoparticles used as delivery carriers must possess
controlled morphology, uniform size distribution and
high biocompatibility. Agglomeration occurs as a result
of clumping during cooling or storage. Such aggregation
is very difficult to avoid due to attractive forces between
particles that cause it.?%?' However, sonication can
effectively reduce agglomeration by separating particle
clusters through cavitation-induced shear forces.

In order to minimize the aggregation of nanoparticles,
the use of an appropriate capping agent is required. Cap-
ping agents regulate nanoparticle growth, aggregation
and physicochemical characteristics. Various capping
agents are employed in the synthesis of nanoparticles, in-
cluding surfactants, small ligands, polymers, dendrimers,
cyclodextrins, and polysaccharides. Common examples
include polyethylene glycol (PEG), polyvinylpyrrolidone
(PVP), polyvinyl alcohol (PVA), bovine serum albumin
(BSA), ethylenediaminetetraacetic acid (EDTA), chitosan,
and plant extracts. Additionally, capping agents enhance
the biomedical performance of nanoparticles by reducing
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toxicity and increasing biocompatibility and bioavailability
in living cells.22-24

The water content percentage reflects the scaffold’s
ability to absorb and retain water. In the present study,
the swelling ratio graph results with WCP demonstrated
comparable trends. The hydrophilicity of the scaffold
is essential for interaction with biological fluids and
facilitates cell migration into the scaffold. The highest WCP
value was observed at 14 days (214.50%). The treatment
group exhibited significantly higher hydrophilicity than
the control group at 3, 7 and 14 days. Although a slight
increase in WCP was observed in the control group be-
tween days 3 and 7, the difference was not significant. In
the 2" week, the capacity for water absorption was no
longer increasing. Beyond serving as a medium for cell
infiltration, the water absorption capacity of the scaffold
supports the distribution of nutrients, metabolites and
growth factors through the extracellular media. There-
fore, hydrophilic properties are essential for successful
bone regeneration. Hydrophobic surfaces tend to pro-
mote higher protein adsorption. Protein adsorption on
the scaffold surfaces facilitates cell attachment by mediat-
ing cell signaling through adhesion receptors, particularly
integrins. However, excessive hydrophobicity can lead to
dense protein deposition on the scaffold surface.?

The enzymatic biodegradation analysis revealed differ-
ences in the behavior or pattern of degradation. Over the
14-day observation period, both scaffolds retained more
than half of their initial dimensions. An appropriate bio-
degradation rate is vital to eliminate the need for second
surgery. Bone regeneration typically requires at least
6 months, and resorbable scaffolds are expected to func-
tion as temporary barriers for approx. 3—4 weeks. Bio-
degradation is an essential parameter in the occurrence
of regeneration. Therefore, synchronization between
scaffold degradation and new bone formation is essential
to ensure complete resorption upon tissue regeneration.
Hydrophilic properties, chemical composition, degree
of crystallization, and scaffold geometry influence the
degradation rate.?%?” The FTIR results confirmed collagen
as the main component of the scaffold. The incorpora-
tion of nanostructured components has been shown to
slow degradation by neutralizing acidic degradation by-
products.?’” Furthermore, the modulation of chemical
composition, surface morphology, and the incorporation
of cross-linking agents can be used to tailor the degrada-
tion rate.?82°

The presence of growth factors in DFDBBX-NPs was
confirmed in this study. Previous reports indicate that the
osteogenic potential of DFDBBX is associated with their
protein composition, particularly Col-1 and BMPs.331
In the present study, ELISA analysis demonstrated that
the BMP-2 content in the DFDBBX-NPs was higher than
that of Col-1. These findings suggest that DFDBBX-NPs
possess osteogenic potential. Osteoinduction is primarily
driven by BMP activity within the organic bone matrix.
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The growth factors play a significant role in the osteo-
genesis of DFDBBX-NPs 303!

Conclusions

Results of the present study demonstrated that
DFDBBX-NPs are capable of delivering growth factors
at physiologically relevant concentrations, supporting
their potential application in bone regeneration.
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Abstract

Background. Painis one of the most fundamental yet complex human biological experiences. A distinct
category within this domain is orofacial pain. The orofacial region is anatomically complex, comprising
a dense network of muscles, nerves and blood vessels. This complexity often makes the diagnosis and
management of conditions affecting this area particularly challenging for clinicians.

Objectives. The primary aim of this study was to determine the global prevalence of oral and facial pain
in the general population and to assess its distribution across different continents.

Material and methods. Literature searches were conducted in the MEDLINE and Scopus databases.
This analysis synthesized data from 155 observational studies published between 2004 and 2024,
encompassing 1,712,161 participants and 163,154 reported cases. Statistical analyses were performed
using the R statistical language.

Results. The pooled global prevalence of concurrent oral and facial pain was 19.19%. By continent, the
prevalence rates were as follows: Africa— 27.44%; Asia— 30.78%; Australia— 15.58%; Europe — 12.27%;
North America — 14.53%; and South America — 25.61%.

Conclusions. Globally, the prevalence of concurrent oral and facial pain is 19%, compared with 12% for
facial pain alone, and 21% for oral pain. Concurrent oral and facial pain was most common among indi-
viduals under 18 years of age (24%), decreasing to 16% among those aged 18—60 years and 10% in those
aged >60 years. Females reported a higher prevalence (21%) of oral and facial pain than males (15%).
Overall, the burden of concurrent oral and facial pain is greatest in Asia and South America, particularly
among females, where prevalence exceeds 28%, while the lowest rates are found in Europe, especially
among males (8%). The results of the present study should be interpreted with caution due to the high
heterogeneity of the included studies. Further epidemiological research is recommended, employing rigor-
ous methodology and adhering to current pain classification systems.

Keywords: prevalence, epidemiology, sex, orofacial pain, facial
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« Globally, approx. 19% of individuals experience concurrent oral and facial pain, while 21% report oral pain and 12%

report facial pain alone.

» The highest prevalence rates are observed in Africa (31% — oral pain; 27% — concurrent oral and facial pain) and
Asia (31% — concurrent oral and facial pain), whereas Europe reports the lowest prevalence (12% — concurrent oral

and facial pain).

 Oral and facial pain is most prevalent among individuals aged <18 years (24%), declining to 16% in adults aged

18—60 years and to 10% in those aged >60 years.

» Females are more frequently affected (21%) than males (15%).
» Longer assessment periods (=6 months) are associated with higher reported prevalence of concurrent oral and
facial pain (>25%) compared with shorter recall periods (1—3 months).

Introduction

Pain is one of the most fundamental yet complex human
biological experiences.}? The International Association
for the Study of Pain (IASP) defines it as “an unpleasant
sensory and emotional experience associated with, or
resembling that associated with, actual or potential tissue
damage”® Pain is not merely a reaction to nociceptive
stimuli but a multidimensional process integrating bio-
logical, psychological and social components.*—

In the context of the present work, it is essential to
clearly distinguish between 3 related but distinct terms:
“oral pain”; “facial pain”; and “orofacial pain” Oral pain
refers specifically to pain experienced within the structures
of the oral cavity (e.g., teeth, gingiva, mucosa, tongue),
while facial pain describes discomfort perceived in the
facial region outside the mouth, such as the cheeks, jaw or
periorbital area.>® Orofacial pain, as used in the present
study, is an overarching term that encompasses both oral
and facial pain, irrespective of whether its origin is dental,
musculoskeletal, neuropathic, or idiopathic.”®

Orofacial pain represents a distinct clinical category
due to the anatomical complexity of the orofacial region,
which contains a dense network of muscles, nerves and
blood vessels. This complexity often makes the diagnosis
and treatment of conditions affecting this area challeng-
ing for clinicians.”® The IASP defines orofacial pain as
a frequent form of pain perceived in the face and/or oral
cavity.® While facial pain of oral origin is commonly
associated with intraoral dental or periodontal patholo-
gies, differential diagnostic challenges arise when pain
originates from other sources, such as temporomandibu-
lar disorders (TMD) or neuropathic pain.l° Therefore, the
distinction between oral, facial and orofacial pain is not
only terminological but also clinically significant, as it
affects diagnostic strategies and therapeutic approaches.

Patients experiencing orofacial pain often present
with impaired mental health, elevated anxiety levels,
depression, and perceived stress, all of which significantly
impact quality of life.1*1? Beyond its high prevalence, the
clinical significance of orofacial pain lies in its potential

to cause long-term disability, reduced masticatory func-
tion, impaired communication, and psychosocial burden.
Chronic orofacial pain contributes to sleep disturbances,
reduced work productivity and increased healthcare utili-
zation, making it a relevant public health issue.'3

Ethnic and cultural variations in pain perception con-
stitute a significant area of investigation in pain medi-
cine and health psychology.!>® Multiple studies have
demonstrated that ethnic groups may differ in both pain
threshold and pain tolerance, stemming from a combina-
tion of biological, psychological and sociocultural factors.
Genetic predispositions may influence the functioning
of nociceptive and pain-modulating systems, whereas
cultural norms and behavioral patterns shape how indi-
viduals express or suppress pain-related complaints.>17-1°
In addition to ethnic and cultural determinants, sex has
been demonstrated to play a role in orofacial pain per-
ception; estrogen levels have been shown to be associated
with pain modulation in the temporomandibular joint
and the orofacial region as a whole.?02

Recent evidence indicates substantial variation in
the prevalence of orofacial pain across populations and
regions. A systematic review conducted by Porporatti et al.
reported that, in adults, the prevalence of pain in the
oral and facial regions ranges from approx. 1% in burn-
ing mouth syndrome to over 80% in orofacial pain asso-
ciated with cancer treatment. In pediatric populations,
the prevalence varies from below 1% for temporo-
mandibular joint osteoarthritis up to 83% for all types
of headaches.?? Another study reported that 19% of indi-
viduals with dementia experience orofacial pain.?® Two
meta-analyses published in 2024 identified regional dif-
ferences in the prevalence of TMD and bruxism.?*2°> The
prevalence of TMD was significantly higher in South
America (47%) compared to Asia (33%), Europe (29%)
and North America (26%).2* Additionally, the prevalence
of bruxism (sleep and awake) was reported as 29% in
North America, 25% in South America, 22% in Europe,
and 19% in Asia.? Further differences were observed in
a meta-regression analysis examining the co-occurrence
of bruxism and TMD.?¢
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However, despite numerous studies addressing individ-
ual conditions such as TMD or bruxism, comprehensive
population-based data on the global prevalence of orof-
acial pain as a unified entity remains limited. Previous
meta-analyses have focused on specific disorders rather
than the overall pain experience, leaving uncertainty
regarding how orofacial pain differs across continents and
demographic groups.

The present study aims to address this gap by providing
the first meta-analytic estimate of the global and conti-
nental prevalence of orofacial pain in the general popula-
tion. A secondary objective is to assess differences in prev-
alence according to age and sex. The working hypothesis
of this study is that the global prevalence of orofacial pain
does not exceed 30%. Clarifying these patterns is clini-
cally relevant for identifying at-risk populations, guiding
resource allocation, and improving culturally sensitive
pain management strategies. Furthermore, establishing
reliable prevalence data will support health policymakers
in prioritizing early diagnosis and preventive care within
dental and primary healthcare systems.

Material and methods

Building upon previously published and varied meth-
odologies,?~% the first stage involved registering the
project with the Open Science Framework (OSF) reposi-
tory (https://osf.io/c8x2d). The project was registered on
February 19, 2025, marking the official commencement
of the research. The supplementary materials related
to this study were made available in the OSF repository
(https://osf.io/k7eds/files).

The study was conducted in accordance with the 2020
PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines.3! Literature searches
were performed in 2 databases: MEDLINE and Scopus.
The following keyword combinations were applied:

- “orofacial pain” AND “prevalence”;

« “orofacial pain” AND “epidemiology”;
« “orofacial pain” AND “population”;

« “facial pain” AND “prevalence”;

« “facial pain” AND “epidemiology”;

« “facial pain” AND “population”;

« “oral pain” AND “prevalence”;

« “oral pain” AND “epidemiology”;

« “oral pain” AND “population”.

In line with previous publications,?>?° the analysis was
restricted to studies published within the last 20 years,
covering the period from January 1, 2004, to December
31, 2024.

The study design followed the PICO framework,3>%
enabling the formulation of precise research questions
and systematic data analysis:

e P (Population): individuals worldwide reporting oro-
facial, oral or facial pain, regardless of age or sex;
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« | (Intervention): epidemiological studies assessing the
prevalence of orofacial, oral or facial pain in different
populations;

e C (Comparison): comparisons across geographical
regions and demographic subgroups (age, sex);

e O (Outcome): estimation of the global prevalence
of orofacial, oral and facial pain, and identification
of potential factors influencing its distribution, par-
ticularly age and sex.

The following article types were excluded from the
study: narrative reviews; systematic reviews and meta-
analyses; opinion papers; case reports or case series;
animal studies or biomechanical models; conference
abstracts; and publications in languages other than English.
Studies focusing on specific occupational or population
groups (e.g., military personnel, musicians) were also
excluded, unless a control group was included. In such
cases, only the data from the control group was analyzed.

Grey literature was manually searched using Google,
combining keywords with the names of continents, as per
a previous study?>:
 “orofacial pain” AND “North America, South America,

Asia, Europe, Africa, Australia”;

« “facial pain” AND “North America, South America,
Asia, Europe, Africa, Australia”;

« “oral pain” AND “North America, South America, Asia,
Europe, Africa, Australia”

Additionally, the snowballing method was applied in
accordance with Wohlin's guidelines.®* Screening was
conducted independently by 2 authors (AG and MW0¢)
under the supervision of, and in consultation with, the
first author (GZ), who had the deciding vote in cases
of disagreement. The selection process was performed in
3 stages: title screening; abstract screening; and full-text
assessment. It is worth emphasizing that one of the main
inclusion criteria for the analysis was the presence of pain
among the study participants. The flowchart of the study
is presented in Fig. 1.

Identification of studies via databases |

Studies identified from Records removed before screening
(N = 56,137): (n=55,722):
® MEDLINE @ Studies excluded based on the predefined time
® Scopus boundaries (n = 10,121)
© Studies excluded based on the title (n = 45,101)
°
Google Search © Duplicate studies (n = 500)

Abstracts assessed

| I Identification I

for eligi:zi[ity — S‘”d(‘si o) —
n =415
g ¢ ) of the bibliographies
S of 5,991 studies did
o not identify additional
& eligible studies.

Full-text articles

Studies excluded
assessed for eligibility > (n=141)
(n =296)

Studies included
in the analysis
(n=155)

| Included | |

Fig. 1. Flowchart of the study selection process

Detailed information regarding excluded reports and reasons for exclusion
is provided in the supplementary materials (https://osf.io/k7eds/files).
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The primary database included the following variables:
DOI; first author’s surname; year of publication; conti-
nent where the study was conducted; participants’ age;
total sample size (N); number of females; number of males;
number of individuals reporting pain; number of individuals
reporting pain stratified by sex; type of pain (facial or oral);
classification according to the International Classification
of Orofacial Pain (ICOP)*; and duration of pain symptoms
(in months). In accordance with previously published
methodology,?* participants were stratified into 3 age
groups: <18 years; 18—60 years; and >60 years.

Due to differences in thematic scope and analytical
approaches, the collected data was divided into 2 separate
publications. This approach allows for a detailed discus-
sion of each research area, ensures consistent argumenta-
tion and clear conclusions, and prevents excessive con-
densation of content that is essential to a comprehensive
understanding of the presented findings.

In accordance with the stated aim, the study focuses on
the global and continental prevalence of oral and facial
pain in the general population. Information on the occur-
rence of oral and facial pain, classified according to the
ICOP, is presented in the second publication.

The objectives and methodological descriptions of the
analyzed studies were reviewed to assign them to spe-
cific categories: facial pain; oral pain; or general orofacial
pain. Research papers that focused on the face were clas-
sified as facial pain, those concerning the oral cavity as
oral pain, and works addressing general orofacial pain as
orofacial pain. Classification was based on the assessment
of the original study objectives and methodologies and
was verified by the review authors.

Statistical analysis

The statistical methodology followed previously pub-
lished papers.?*%6 A meta-analysis of proportions was
conducted to estimate the prevalence of orofacial pain.®
The proportion of orofacial pain cases, defined as the
number of events divided by the total sample size per
study, was analyzed. The logit transformation was applied
to stabilize the variance of proportions and ensure that
pooled estimates remained within the interval [0, 1] after
back-transformation.

The primary analysis employed a generalized linear
mixed model (GLMM) with a logistic link function to
directly model the binomial outcome of orofacial pain.%
This method was selected for its robustness in account-
ing for both within-study and between-study variability
without requiring continuity corrections, making it well-
suited for the dataset characteristics.®® Between-study
variance (t?) was estimated using maximum likelihood.3®
Confidence intervals (Cls) for individual study propor-
tions were constructed using the Wilson score method.®®

A sensitivity analysis was performed using an alterna-
tive specification for the random-effects model based on
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the inverse variance method* and restricted maximum
likelihood (REML) estimation,** which yielded compa-
rable results with consistent heterogeneity estimates.

Subgroup analyses were conducted to explore differ-
ences in the prevalence of orofacial pain according to con-
tinent, age group and symptom duration, with separate
pooled estimates calculated for each subgroup.*? Hetero-
geneity within and between subgroups was assessed using
the 12 statistic and T2 estimates.*® The significance of het-
erogeneity was evaluated using the Wald test and the like-
lihood ratio test (LRT). The subgroup analysis was speci-
fied to allow distinct between-study variances for each
subgroup and to avoid assuming a common effect across
subgroups.*? The back-transformation option was applied
to present pooled proportions on the original scale for
interpretability.®® The difference between the proportions
of orofacial pain across subgroups was assessed using
a Wald-type test.

Visualization of the pooled estimates, subgroup differ-
ences and heterogeneity statistics was conducted using
forest plots and reported with 95% Cls.

Influential studies were identified using established
diagnostics described by Viechtbauer and Cheung,*
including externally standardized residuals, difference in
fits (DFFITS) values, Cook’s distance, covariance ratios,
the leave-one-out amount of (residual) heterogeneity, the
leave-one-out test statistic for (residual) heterogeneity,
and differences in betas (DFBETAS).*

Potential publication bias was assessed using funnel
plot visualization of study-specific proportion estimates
against their precision (standard error (SE)).*> Asymme-
try in the funnel plot, which may indicate publication bias
or other small-study effects, was assessed visually and sta-
tistically.

The Thompson method was applied to formally test for
funnel plot asymmetry, as it provides a regression-based
approach suitable for meta-analyses of proportion data.*®

The analyses were conducted using the R statistical lan-
guage (v. 4.3.3; https:.//www.r-project.org) on Windows
11 Pro 64 bit (build 26100), and the packages meta
(v. 7.0.0; Balduzzi et al.),*” dmetar (v. 0.1.0; Harrer et al.),*®
report (v. 0.5.8; Makowski et al.),*® and dplyr (v. 1.1.4;
Wickham et al.).>

Results

Due to the significant number of analyses, detailed
information including the database, funnel plots with
detailed descriptions, and exact Cls for all estimates
have been included in the supplementary materials
(https://osf.io/k7eds/files).

The current analysis synthesized data from 155
observational studies published between 2004 and 2024,
investigating the prevalence of orofacial pain across
diverse populations. After exclusion of 2 influential
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studies (Boluk et al.* and Koopman et al.5?), the final
dataset comprised 1,712,161 participants. The mean
sample size per study was 11,046 (median: 1,199; range:
42-500,488). Sex distribution was reported in 129 stud-
ies (total sample: 2,036,916), with a slight predominance
of females (50.8%).

Most studies were conducted in Europe (58 studies,
945,233 participants), followed by South America (39
studies, 135,945 participants), Asia (32 studies, 96,781
participants), North America (15 studies, 415,842 partici-
pants), Africa (5 studies, 3,052 participants), and Australia
(4 studies, 85,218 participants). Two studies spanned
multiple continents (Asia—Europe: 1 study, 22,539 par-
ticipants; North America—Australia: 1 study, 7,551 par-
ticipants).

Age groups were categorized as <18 years (65 studies,
350,771 participants), 18—60 years (69 studies, 1,257,380
participants) and >60 years (11 studies, 52,206 partici-
pants). Additional categories included 18+ years (9 stud-
ies, 46,520 participants) and <60 years (1 study, 5,284 par-
ticipants).

The reported occurrence periods for pain symptoms
included 1 month (43 studies, 897,709 participants),
>12 months (31 studies, 180,150 participants), 6 months
(26 studies, 286,437 participants), and 3 months (9 stud-
ies, 236,325 participants), with 46 studies not specifying
symptom duration.

The crude pooled prevalence of orofacial pain, calcu-
lated as the total number of events divided by the total
sample size, was 9.53% (163,154 events). The mean study-
level prevalence was 23.77% (median: 17.00%; range:
2.00—93.00%).

Concurrent oral and facial pain

A meta-analysis encompassing 155 studies, comprising
1,712,161 observations and 163,154 reported events,
determined a pooled prevalence of concurrent oral and facial
pain of 19.19% (95% CI: 16.59—22.08%). Substantial het-
erogeneity was observed across the studies (1> = 99.9%),
with a T2 indicating considerable between-study variabil-
ity and a Higgins' H statistic reflecting extensive diver-
sity. The statistical tests for heterogeneity confirmed this
variability as highly significant, with a Wald test Q-value
of 136,167.87 (degrees of freedom (df) = 154, p = 0) and
an LRT p-value of 0. Sensitivity analysis using inverse
variance with REML estimation produced consistent
pooled estimates and heterogeneity values, confirming
the robustness of the main model. To assess potential
publication bias, a funnel plot presenting the distribution
of study-specific proportion estimates against their preci-
sion was generated (Fig. 2).

The analysis revealed no significant evidence of funnel
plot asymmetry, with a test result of t = 0.02 (df = 153,
p = 0.988) and a bias estimate of 0.02 (SE = 1.05). This
minimal bias estimate supports the robustness of the
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Fig. 2. Funnel plot of logit-transformed prevalence estimates with linear
regression test for asymmetry (Thompson method)

SE — standard error.

pooled prevalence estimate, indicating that publication
bias is unlikely to substantially influence the findings.

Subgroup analyses by continent provided detailed
insights into regional prevalence patterns, as detailed
in Table 1. In Africa, the pooled prevalence was 27.44%
(95% CI: 20.86—35.18%). Asia exhibited a higher preva-
lence of 30.78% (95% CI: 22.81-40.08%), and Australia
showed a prevalence of 15.58% (95% CI: 11.05—21.53%).
Europe reported a lower prevalence of 12.27% (95% CI:
9.69-15.43%), while North America had a prevalence
of 14.53% (95% CI: 9.26—22.07%), and South America dis-
played a prevalence of 25.61% (95% CI: 20.71-31.22%).

The test for subgroup differences indicated statistically
significant variation across continents, with a Q-value
of 40.59 (df = 5, p < 0.0001), highlighting the influence
of geographic factors on prevalence estimates. Substantial
heterogeneity was observed within the subgroups, with
12 values ranging from 88.5% in Africa to 99.9% in Europe
and North America, and T2 values varying from 0.1530 in
Africa to 1.4143 in Asia, reflecting diverse study charac-
teristics and population differences across regions. These
findings underscore that the burden of concurrent oral
and facial pain is most pronounced in Asia and Africa,
with prevalence rates exceeding 25%, while Europe exhib-
its the lowest prevalence at 12.27%.

Table 1. Summary of prevalence analysis results by region and pain type

Africa 27 - 31
Asia 31 17 25
Australia 16 - 21
Europe 12 10 16
North America 15 16 13
South America 26 33 24
Global 19 12 21

Data presented as percentages (%). 95% confidence intervals (95% Cls)
for all estimates are provided in the supplementary materials
(https://ostfio/k7eds/files).
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Subgroup analyses by age group provided detailed
insights into age-specific prevalence patterns, as detailed
in Table 2. The test for subgroup differences indicated
statistically significant variation across age groups, with
a Q-value of 15.74 (df = 2, p = 0.0004), highlighting the
influence of age on prevalence estimates. Within-subgroup
heterogeneity was also substantial, with 12 values rang-
ing from 98.8% in the >60 years group to 99.9% in the
18—60 years group, and T2 values varying from 1.0809 in
the oldest group to 1.3368 in the youngest group, reflect-
ing diverse study characteristics and population differ-
ences across age categories.

The above results emphasize that the burden of con-
current oral and facial pain is most pronounced among
individuals aged <18 years, with a prevalence of 23.95%,
followed by a decline to 16.50% in the 18—60 years group,
and a further reduction to 9.83% in those older than
60 years.

Subgroup analyses by continent and age demonstrated
distinct patterns in prevalence estimates (Table 2).

The test for subgroup differences indicated statistically
significant variation across the 17 subgroups, with a Q-value
of 253.28 (df = 16, p < 0.001), highlighting the combined
influence of geographic region and age on prevalence esti-
mates. Substantial heterogeneity was observed within the
subgroups, with 12 values ranging from 75.8% in the Africa
(<18 years) subgroup to 99.9% in several subgroups, includ-
ing Asia (18—60 years) and Europe (18—60 years), and 12
values varying from 0.0213 in the Africa (<18 years) sub-
group to 2.3921 in the Asia (<18 years) subgroup, reflect-
ing diverse study characteristics and population differences
across regions and age categories. These findings indicate
that the burden of concurrent oral and facial pain is most
pronounced in Africa and Asia across all age groups, with
prevalence exceeding 30% in several subgroups, while
Europe and North America exhibit lower prevalence, par-
ticularly among older age groups.

Subgroup analyses by sex provided detailed insights into
prevalence patterns. Among females, the pooled preva-
lence was 20.73% (95% CI: 16.88—25.19%), whereas among
males, the prevalence was 15.20% (95% CI: 11.69—-19.54%).

Table 2. Summary of prevalence analysis results by region and age group

Africa 30 34* 14*
Asia 31 31 32
Australia 17* 15 -
Europe 16 12 7
North America 23 9 9
South America 26 26 1*
Global 24 16 10

Data presented as percentages (%). 95% Cls for all estimates are provided
in the supplementary materials.
* percentage based on a single study.
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The test for subgroup differences indicated marginally
significant variation between sexes, with a Q-value of 3.51
(df =1, p=0.061), revealing a potential sex-related influ-
ence on prevalence estimates. Within-subgroup hetero-
geneity was substantial, with 12 values of 99.8% for both
females and males, and 12 values of 1.2450 for females and
1.7602 for males, reflecting diverse study characteristics
and population differences across sex categories. These
findings indicate a higher burden of concurrent oral and
facial pain among females (20.73%) compared to males
(15.20%) (Table 3).

The analysis of concurrent oral and facial pain by conti-
nent and sex is presented in Table 3. The statistical analy-
sis indicated significant variation across the 10 subgroups,
with a Q-value of 45.71 (df = 9, p < 0.001), highlighting
the combined influence of geographic region and sex
on prevalence estimates. Heterogeneity was substantial
within the subgroups, with 12 values ranging from 98.0%
in the Australia (male) subgroup to 99.9% in the North
America (male) subgroup, and 12 values varying from
0.15 in the Australia (male) subgroup to 2.65 in the North
America (male) subgroup, reflecting diverse study char-
acteristics and population differences across regions and
sexes. These findings indicate that the burden of concur-
rent oral and facial pain is most pronounced in Asia and
South America, particularly among females (>28%), while
Europe exhibits the lowest prevalence, especially among
males (8%).

Facial pain

A meta-analysis encompassing 36 studies, comprising
821,660 observations and 31,341 reported events, deter-
mined the pooled prevalence of facial pain to be 12.42%
(95% CI: 9.17—16.62%) (Table 1). This estimate reflects
a notable health burden associated with facial pain across
the included studies. Substantial heterogeneity was
observed across the studies, with an 12 of 99.9% and a T2
indicating considerable variability between the studies. The
statistical tests for heterogeneity confirmed this variability
as highly significant, with a Wald test Q-value of 28,997.41

Table 3. Summary of prevalence analysis results by region and sex

Africa - -
Asia 31 32
Australia 13 13
Europe 15 8
North America 18 14
South America 28 21
Global 21 15

Data presented as percentages (%). 95% Cls for all estimates are provided in
the supplementary materials.
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(df = 35, p < 0.001) and an LRT p-value <0.001. This find-
ing indicates that facial pain affects a significant propor-
tion of the population, with a pooled prevalence of 12.42%
representing a substantial public health concern.
Subgroup analyses by continent revealed distinct
regional variations in prevalence. In Asia, the pooled preva-
lence was 16.73% (95% CI: 13.67—20.30%), while Europe
exhibited a lower prevalence of 10.30% (95% CI: 7.24—
14.45%). North America showed a prevalence of 15.75%
(95% CI: 7.37—30.53%), and South America displayed the
highest prevalence at 33.44% (95% CI: 20.62—49.29%).
The test for subgroup differences indicated statistically
significant variation across the 4 continental subgroups,
with a Q-value of 15.10 (df = 3, p = 0.002), highlighting the
influence of geographic factors on prevalence estimates.
Within-subgroup heterogeneity was substantial, with
12 values ranging from 78.4% in Asia to 99.9% in Europe, and
T2 values varying from 0.0229 in Asia to 1.0701 in Europe,
reflecting diverse study characteristics and population
differences across regions. These findings indicate that
the burden of facial pain is most pronounced in South
America, with a prevalence of 33.44%, while Europe
exhibits the lowest prevalence at 10.30% (Table 1).

Oral pain

A meta-analysis encompassing 46 studies, comprising
400,884 observations and 65,592 reported events, deter-
mined the pooled prevalence of oral pain to be 21.04%
(95% CI: 17.38—25.24%) (Table 1). This estimate high-
lights a significant health burden associated with oral pain
across the included studies. Substantial heterogeneity
was observed across the studies, with an 12 of 99.8% and
a T2 indicating considerable variability between the stud-
ies. The statistical tests for heterogeneity confirmed this
variability as highly significant, with a Wald test Q-value
of 22,566.93 (df = 45, p < 0.001) and an LRT p-value
<0.001.

Subgroup analyses by continent revealed notable
regional variations in prevalence. In Africa, the pooled
prevalence was 30.79% (95% ClI: 28.77—32.89%). Australia
exhibited a prevalence of 20.61% (95% CI: 16.87—24.92%).
Asia showed a prevalence of 24.90% (95% CI: 19.41—
31.34%). Europe reported a prevalence of 16.49% (95% CI:
9.86—26.27%), and North America displayed a prevalence
of 13.25% (95% CI: 10.19-17.05%). In South America,
the prevalence was 24.22% (95% CIl: 17.64—32.29%).
The test for subgroup differences indicated statistically
significant variation across the 6 continental subgroups,
with a Q-value of 61.32 (df =5, p < 0.001), highlighting the
influence of geographic factors on prevalence estimates.
Heterogeneity within the subgroups was substantial, with
17 values ranging from 66.7% in Africa to 99.8% in South
America, and T2 values varying from 0 in Africa to 0.9829
in Europe, reflecting diverse study characteristics and
population differences across regions. These findings infer
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that the burden of oral pain is most pronounced in Africa,
with a prevalence of 30.79%, followed by Asia and South
America, both exceeding 24%, while North America and
Europe exhibit lower prevalence rates of 13.25% and
16.49%, respectively (Table 1).

Prevalence of concurrent oral and facial
pain by observation period

Subgroup analyses of the occurrence of oral and facial
pain symptoms in months revealed distinct patterns. For
pain reported within 1 month, the pooled prevalence
was 16.19% (95% Cl: 12.40—20.86%). For pain reported
within 3 months, the prevalence was 12.06% (95% CI:
6.23—22.08%). For pain reported within 6 months, the
prevalence was 25.30% (95% CI: 18.74—33.22%), while for
pain reported over 12 months or more, the prevalence
was 25.51% (95% CI: 19.80—32.20%) (Table 4). The test
for subgroup differences indicated statistically significant
variation across the 4 duration subgroups, with a Q-value
of 11.04 (df = 3, p = 0.012), highlighting the influence
of observation period on prevalence estimates. Hetero-
geneity within the subgroups was substantial, with 12 val-
ues of 99.9% in the 1-month group and 99.8% in the other
duration groups, and 12 values ranging from 0.83 in the
=12 months group to 1.23 in the 3-month group, reflect-
ing diverse study characteristics and population differ-
ences across duration categories. The results indicate that
extending the assessment period to =6 months reveals
a greater prevalence of concurrent oral and facial pain
(>25%) compared with shorter intervals of 1-3 months
(<16%).

Assessment of funnel plot asymmetry and
publication bias

To evaluate potential publication bias and small-study
effects, a linear regression test was conducted following
the approach described by Thompson and Sharp.*¢ This
analysis assessed the degree of asymmetry in the funnel
plots generated for the included studies. A non-significant
p-value indicated insufficient evidence to reject the
null hypothesis of symmetry, suggesting no substantial
asymmetry in the data and, consequently, no indication
of publication bias (Table 5). Funnel plots for each sub-
group are provided in the supplementary materials.

Table 4. Summary of prevalence analysis results for concurrent oral and facial
pain by observation period

1 month 43 16
3 months 9 12
6 months 26 25
=12 months 31 26

95% Cls for all estimates are provided in the supplementary materials.
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Table 5. Results of the linear regression test for funnel plot asymmetry using the Thompson method in meta-analyses of oral and facial pain

Analysis category Subgroup p-value Bias statistic

Africa -162 3 0.204 -4.76 294
Asia 115 31 0.257 2.34 2.03
Burden of concurrent oral and facial pain Australia -1.37 3 0.265 -14.40 10.54
by continent Europe -151 57 0137 -215 143
North America 0.55 14 0.588 1.88 340
South America -0.34 37 0.738 -0.80 237
} <18 years 101 64 0317 176 175
ﬁ;?:ilyb:éceizr: OoJ ;oncurrent oral and facial 18-60 years ~012 77 0.906 ~018 154
>60 years —-0.62 18 0.542 -1.89 3.04
Africa: <18 years 058 1 0.664 143 246

Africa: 18-60 years not applied (1 study)

Africa: >60 years not applied (1 study)
Asia: <18 years 131 12 0.215 374 2.86
Asia: 18-60 years -0.75 13 0465 -293 389
Asia: >60 years 313 2 0.089 16.62 4.35

Australia: <18 years not applied (1 study)
Australia: 18—-60 years -131 2 0.320 -15.34 1169

Burden of concurrent oral and facial pain by Australia: >60 years not applied (0 studies)
continent and age group Europe: <18 years -0.46 15 0649 -174 376
Europe: 18-60 years -059 35 0.560 -1.23 2.09
Europe: >60 years -1.96 8 0.086 -3.79 194
North America: <18 years 0.62 5 0560 562 9.01
North America: 18-60 years 048 7 0.647 098 204
North America: >60 years -0.78 2 0519 =275 354
South America: <18 years -115 23 0.261 -419 364
South America: 18-60 years 0.90 12 0.388 2.26 252

South America: >60 years not applied (1 study)
Global burden of concurrent oral and facial females 116 74 0.251 174 1.50
pain by sex males -036 73 0722 -042 118
Asia; females -0.86 15 0.404 -2.36 275
Asia: males —-0.26 15 0.799 -057 218
Australia: females =322 2 0.085 -15.46 481
Australia: males -354 2 0071 -1097 310
Burden of concurrent oral and facial pain Europe: females 078 30 0439 188 240
by continent and sex Europe: males -0.76 29 0451 -127 167
North America: females 188 6 0.109 942 5.00
North America: males 2.05 5 0.095 1420 6.92
South America: females 021 14 0.834 055 2,60
South America: males -0.98 15 0.342 -147 150
Global burden of facial pain - -044 34 0.662 -1.02 231
Global burden of oral pain - -0.09 44 0.926 -0.18 198

Africa not applied (0 studies)
Asia 263 1 0231 264 1.00

. . . Australia not applied (0 studies)
Burden of facial pain by continent T 088 2% 0386 —226 256
North America 123 1 0435 29.00 2362
South America -6.64 1 0.095 —-9.60 145

Africa not applied (2 studies)
Asia 051 6 0.626 2.16 421
Burden of oral pain by continent Australia 006 ! 0.965 040 1.2
Europe -047 9 0.650 -1.60 341
North America -0.39 3 0.726 -2.17 563
South America -0.23 16 0818 -0.87 374
1 month -042 41 0676 -0.98 233
Concurrent oral and facial pain by duration $ months 06 ! 0593 492 880
6 months 183 23 0.081 571 312
=12 months 0.89 28 0.379 320 358

t —regression test statistic; df — degrees of freedom; p-value — probability of observing the results under the null hypothesis of no asymmetry;
bias statistic — estimate of the intercept or slope indicating bias; SE — standard error.
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Discussion

The primary aim of this study was to determine the global
prevalence of oral and facial pain in the general popula-
tion and across continents. The results confirmed the ini-
tial hypothesis, demonstrating that the global prevalence
of oral and facial pain remains below 30%, supporting the
assumption of a moderate but clinically significant world-
wide burden. To begin this discussion, it is important to
emphasize that the analysis encompassed 155 studies and
over 1.7 million observations. Attention should be drawn
to the scale of the problem of comorbid oral and facial pain,
as well as to the considerable variability in findings depend-
ing on continent, age, sex, and symptom duration. The esti-
mated global prevalence of approx. 19% indicates a notable
health burden that extends beyond the local context and
should be regarded as a significant public health concern.
However, the analyzed results demonstrated a high degree
of heterogeneity, which profoundly influences the interpre-
tation of these outcomes and reflects the multidimensional
complexity of orofacial pain phenomena.

High heterogeneity (1> values exceeding conventional
thresholds) indicates that the included studies differ sub-
stantially in design, population characteristics and diag-
nostic definitions. From a methodological standpoint, this
heterogeneity reduces the precision of pooled estimates,
suggesting that the global prevalence should be interpreted
as a broad epidemiological tendency rather than an exact
guantitative measure.*34653 Clinically, it highlights the
contextual dependence of orofacial pain, the expression
and reporting of which vary according to cultural, socio-
economic and healthcare system factors. Therefore, while
heterogeneity limits the statistical generalizability of the
results, it simultaneously enriches understanding by reveal-
ing the complexity of pain as a biopsychosocial construct.

When comparing our findings with previous epide-
miological studies, it is worth recalling data from the last
century, which estimated that orofacial pain occurred in
approx. 10% of the adult population.?*% The observed
increase over the past 25 years may have multiple causes,
ranging from improved diagnostics and greater awareness
of the problem among both patients and clinicians to life-
style changes, stress, an increasing number of risk factors,
and the residual effects of the coronavirus disease 2019
(COVID-19) pandemic.t*?656-% The COVID-19 pan-
demic likely influenced pain perception and prevalence
indirectly through increased psychosocial stress, changes
in access to dental and medical care, and altered health-
seeking behaviors. Lockdowns and healthcare disrup-
tions may have contributed to delayed diagnoses, while
elevated anxiety and bruxism during the pandemic period
could have temporarily increased the prevalence of oro-
facial pain in certain populations.t8.2559

When analyzed by continent, a particularly striking
contrast emerges between Asia and Africa, where preva-
lence rates exceed 27—30%, and Europe or North America,
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where the rates are approx. 12% and 14.5%, respectively.
This suggests that geographic factors, including cultural,
economic and biological determinants, play a key role in
shaping the distribution of such conditions. These find-
ings have been underscored in recent (2024—2025) meta-
analyses and forecasts.?*-?” However, it is important to
recognize that such substantial intercontinental variation
reflects not only true epidemiological differences but also
methodological heterogeneity among studies. Differences
in sampling strategies, diagnostic criteria, data collection
methods, and reporting standards may contribute to vari-
ability in prevalence estimates. Therefore, heterogeneity
in this context should not be treated merely as statistical
noise, but rather as an expression of the inherent variabil-
ity in pain-related experiences across human populations.

It can be assumed that these differences arise from
variations in dental care patterns, access to pain manage-
ment, dietary habits, and psychosocial determinants such
as stress and socioeconomic status.?*®° Cultural norms
also influence responses to pain: in some societies, open
expression of suffering is socially acceptable, while in
others, restraint is emphasized.5°-%2 Such cultural frame-
works shape not only the interpretation and reporting
of pain, but also coping strategies.®%.6264

A similar pattern of heterogeneity is evident across
age groups. The highest prevalence was observed among
individuals under 18 years of age (23.95%), suggesting that
children and adolescents may be particularly vulnerable
to such conditions. Contributing factors include frequent
orthodontic problems, dental caries and psychosocial
determinants such as greater susceptibility to academic
stress and challenges associated with developmental
changes.®5-7 By contrast, older adults (>60 years) showed
a markedly lower prevalence of pain (9.83%). This para-
doxical trend warrants deeper analysis. One possible
explanation involves neurobiological adaptations to chronic
nociceptive stimuli, leading to altered pain processing
(hypoalgesia) with advancing age.%8-"* Furthermore, age-
related degeneration of peripheral nociceptors, the use
of analgesic or anti-inflammatory medications, and
potential underreporting due to reduced pain awareness
or social normalization of discomfort in older age may
contribute to this phenomenon.58-"1 Psychologically, older
adults may also demonstrate greater emotional regulation
and coping efficiency, diminishing perceived pain intensity.
Thus, the age-related paradox likely reflects a complex
interplay between biological desensitization, pharmaco-
logical influences and sociocognitive factors.”®7273

Sex-based differences provide another dimension
of variability. Women reported orofacial pain more fre-
quently than men (20.73% vs. 15.20%), consistent with
broader observations in pain research. The higher preva-
lence of pain among women may be partially explained
by hormonal influences, as female hormones have been
shown to modulate pain perception.?? A greater burden
of orofacial pain in women is a well-documented finding
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in the literature.?*™ Nevertheless, the magnitude of sex
differences varies substantially across studies, reflecting
heterogeneity in methodologies and populations.

Separating oral pain from facial pain yielded additional
insights. Oral pain (21.04%) was more prevalent than
facial pain (12.42%), suggesting that dental and periodontal
conditions are primary drivers of the problem. Marked
regional differences are also apparent: in Africa, 30.79%
of individuals experience oral pain, compared with 13.25%
in North America. The highest prevalence of facial pain
was observed in South America (33.44%), once again
highlighting the influence of environmental, economic
and healthcare access factors. However, caution is war-
ranted when interpreting these results, as heterogeneity
in study quality and pain definitions could partially inflate
apparent differences.

Analyses focusing on Africa and Australia are pioneer-
ing, as earlier meta-analyses highlighted significant
gaps in the literature for these regions.?4#2> Notably, the
reported prevalence of oral pain in Africa (30.79%) closely
aligns with projected rates of TMD for the continent in
2030, estimated at 37% (95% Cl: 32—42%).2” In the South
American context (facial pain prevalence of 33.44%),
it is relevant to compare these findings with the results
of a 2025 meta-regression showing that in North America,
comorbidity between bruxism and TMD reached 70%,
with a mean TMD prevalence of 98.3% among patients
with bruxism.?® These observations underscore the
urgent need for further research and preventive measures
on these continents.

At the beginning of this century (2002), it was reported
that the prevalence of orofacial pain was 7% over a 7-day
period and 16% over a 12-month period.>* Likewise, our
analysis demonstrated an increasing trend in pain preva-
lence with longer assessment windows, although current
global prevalence rates are higher. Short observation
periods yielded lower prevalence estimates (16.19% for up
to 1 month and 12.06% for up to 3 months), whereas preva-
lence exceeded 25% when pain was assessed for 6 months
or longer.547576

These findings have several implications for public
health and clinical practice. First, in terms of healthcare
resource allocation, regions with high prevalence of oro-
facial pain (e.g., Africa, South America and Asia) should
prioritize expanding access to dental and pain manage-
ment services. Second, regarding screening recommen-
dations, standardized pain assessment tools should be
incorporated into routine dental and primary care visits
to facilitate early detection. Third, preventive strategies
should emphasize education on oral hygiene, stress
reduction and early management of temporomandibular
dysfunctions. Collectively, these approaches may improve
global oral health outcomes and reduce the long-term
burden of orofacial pain.

The primary limitation of the present study is the high
heterogeneity among the included studies, which reduces
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the precision of pooled estimates. The database was cre-
ated based on published data provided by the original study
authors, which introduces a potential risk of reporting bias;
however, this approach is commonly accepted in meta-
analytic research.?*?® Furthermore, the study did not
account for additional covariates such as local pain response,
healthcare quality or the reliability of self-assessment.

Another important limitation is that the vast major-
ity of included studies relied on self-reported pain
assessment tools, the validity and comparability of which
remain limited. Instruments such as the visual analogue
scale (VAS), numeric rating scale (NRS) or various pain
questionnaires are not equivalent either in what they
measure (e.g., intensity, frequency, presence of pain,
or impact on daily functioning) or in how participants
interpret the questions. The diversity of applied tools can
lead to systematic differences in reporting. Some scales
tend to produce higher pain scores, while others may
underestimate intensity.”””® This lack of standardization
significantly complicates cross-study comparisons and
increases the risk of measurement error, which in turn
may contribute to over- or underestimation of the true
global prevalence of orofacial pain.

It should also be emphasized that self-reported pain
is susceptible to both recall bias and cultural differences
in pain expression. Participants often report pain ret-
rospectively, based on general impressions rather than
precise recollection of pain episodes, which can lead to
over-reporting among individuals with chronic pain and
under-reporting in those with episodic pain. Additionally,
cultural norms regarding the acceptability of expressing
discomfort, displaying suffering, or expectations related
to healthcare interactions may shape self-reports. In some
cultures, minimizing complaints is more typical, while
in others, detailed and open reporting of pain is norma-
tive.89-4 These cultural factors, combined with the inher-
ent subjectivity of self-reports, may result in substantial
population-level differences that do not necessarily
reflect actual prevalence but rather distinct styles of com-
munication and perception of discomfort.

In the current study, a formal risk-of-bias assessment at
the level of individual studies was not conducted,”®® as
the analysis was designed as a proportion meta-analysis
primarily based on statistical methodology.

In summary, the present meta-analysis provides com-
pelling evidence of a substantial population-level burden
associated with oral and facial pain, while also demon-
strating that this phenomenon is strongly modulated by
age, sex, geographic region, and symptom duration. Cru-
cially, the considerable heterogeneity observed across
studies should not be seen merely as a methodological
challenge but rather as a reflection of the complex, con-
text-dependent nature of orofacial pain. Understanding
this variability offers valuable insights into underlying bio-
logical, social and cultural mechanisms. Thus, although
heterogeneity complicates straightforward interpretation,
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it enriches the discussion and underscores the need for
standardized research approaches and context-sensitive
prevention strategies.

Conclusions

1.

10.

The present study indicates that the global prevalence
is 19% for concurrent oral and facial pain, 12% for
facial pain and 21% for oral pain.

A relatively high prevalence of oral pain (31%) and
combined oral and facial pain (27%) was observed in
Africa. Further research on facial pain in this region
is recommended. These findings infer that the burden
of oral pain is particularly pronounced in Africa.

A prevalence of 31% for concurrent oral and facial
pain was observed in Asia, with 17% experiencing
facial pain and 21% oral pain.

Australia exhibited a lower overall prevalence of con-
current oral and facial pain (16%), but the prevalence
of oral pain was notably higher (25%). Due to the lim-
ited number of studies available, these results should
be considered preliminary and interpreted with cau-
tion. It is recommended that further research on
facial pain be conducted in this region.
Comparatively low prevalence rates were observed in
Europe across all categories: 12% for concurrent oral
and facial pain; 10% for facial pain; and 16% for oral
pain. These findings indicate that facial pain has the
lowest prevalence in Europe.

North America presented moderate and consistent
levels, with 15% experiencing concurrent oral and
facial pain, 16% experiencing facial pain and 13% expe-
riencing oral pain. These results suggest that oral pain
has the lowest prevalence in North America.

The highest recorded prevalence of facial pain (33%)
was observed in South America; in this region, the
prevalence of oral pain was 24% and that of concur-
rent oral and facial pain was 26%. These findings
indicate that the burden of facial pain may be most
pronounced in South America.

Concurrent oral and facial pain was most prevalent in
individuals up to 18 years of age (24%). This prevalence
decreased to 16% among those aged 18—60 years and fur-
ther declined to 10% among individuals aged >60 years,
highlighting a clear age-related downward trend.

When considering both continent and age group,
concurrent oral and facial pain was most prevalent in
Africa and Asia, where rates exceeded 30% in several
subgroups. In contrast, Europe and North America
exhibited lower prevalence levels, particularly among
older age groups.

Females demonstrated a higher prevalence of concur-
rent oral and facial pain (21%) compared with males
(15%). Overall, the burden of concurrent oral and facial
pain was highest in Asiaand South America, particularly

11.

12.
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among females (exceeding 28%), whereas the lowest
prevalence was observed in Europe, especially among
males (8%).

The occurrence of pain symptoms across different
observation periods is as follows: within 1 month, 16%
of the population experienced pain; within 3 months,
12%; within 6 months, 25%; and within 12 months or
longer, 26%. These findings indicate that the preva-
lence of concurrent oral and facial pain is most pro-
nounced for observation periods of 6 months and
longer, exceeding 25%, while shorter durations (1 and
3 months) show lower prevalence.

The results of the present study should be interpreted
with caution due to the high heterogeneity among the
included studies. Further epidemiological research is
recommended, employing rigorous methodology and
adherence to current pain classification systems.
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Abstract

Complete removal of carious dentin is currently regarded as overtreatment, and the stepwise (two-
step) or selective (one-step) caries removal procedures are recommended. This literature review was
aimed to summarize research findings on deep caries lesion management approaches in permanent
teeth, to determine which method provides better outcomes and to identify possible research gaps.
Only intervention studies published between 2000 and 2023 in the English language were considered.
The PubMed, Web of Science and Scopus databases were searched in September 2023, and 7 relevant
records were considered for assessment. This literature review has shown that the number of studies
comparing the methods of deep caries lesion management is limited, and the significant differences in
protocols regarding the cavity depth, the endpoint of tissue excavation and the material used for cavity
restoration indicate the need for the standardization of treatment. Both one- and two-stage caries removal
significantly reduce the risk of pulp exposure in comparison with complete excavation; however, further
clinical trials with long follow-up periods are necessary to determine which caries removal approach,
stepwise or selective, provides better outcomes.

Keywords: permanent teeth, selective caries removal, stepwise caries removal, complete caries removal,
deep caries treatment
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« Stepwise caries removal (SWCR) and selective caries removal (SCR) are currently recommended for the management
of deep carious lesions as alternatives to complete caries removal (CCR).

e This review included 7 studies published in English between 2000 and 2023, all of which evaluated at least
2 treatment approaches for deep carious lesions without pulp exposure in permanent teeth. Five studies compared
complete vs. non-complete caries removal, while 2 studies directly compared SWCR and SCR.

» SWCR and SCR demonstrated clinical outcomes comparable to CCR, with no significant difference in the treatment
success rates between the 2 non-complete caries removal techniques. Importantly, non-complete caries removal
was associated with a lower risk of pulp exposure as compared to CCR.

* Considerable variation in clinical protocols was observed across studies, highlighting the need for standardized
long-term clinical trials on treatment approaches for deep caries lesions in permanent dentition.

Introduction

The traditional approach to caries treatment is based
on the concept of complete removal of carious dentin,
leaving only hard dentin that meets tactile and color
criteria.>? The rationale for the above is to stop decay by
eliminating bacteria, and to remove soft and demineral-
ized dentin to provide a solid base for the restoration.!2
This approach has been used for decades and is still
preferred by numerous dentists worldwide.3* However, con-
temporary dentistry regards such cavity preparation as
overtreatment.>® Non-selective caries removal increases
the risk of pulp exposure and pulp damage due to the dif-
fusion of toxic compounds through the thin remaining
dentin barrier over the pulpal wall. This contradicts one
of the fundamentals of caries treatment, namely the preserva-
tion of pulp vitality.” In addition, non-selective caries
removal may weaken the tooth structure and increase
the tooth’s susceptibility to damage.? Current evidence-
based recommendations for the treatment of carious
lesions state that it is not necessary to remove the entire
carious tissue from the pulpal wall.X® According to the
minimal intervention dentistry (MID) guidelines, treat-
ment should be restricted to the removal of the infected
dentin only.® The remineralization of affected dentin can
be achieved by the action of odontoblasts or by the dif-
fusion of fluoride, calcium and phosphate ions from dental
materials.®

The nomenclature and modern techniques for caries
management have recently been discussed in the litera-
ture.1568-10 There are 2 main approaches: two- and one-
step treatment. The 1% method — stepwise caries removal
(SWCR) — comprises 2 stages. First, carious tissue is
removed down to soft dentin and the cavity is filled with
a temporary material with a remineralizing effect for
a certain period of time. The amount of the removed
carious tissue should be sufficient to allow the place-
ment of a durable restoration.® During the re-entry visit,
the cavity is reopened for the removal of the remaining
decayed tissues up to firm dentin and the final filling is

provided. The response of the pulp—dentin complex after
treatment can be induced by the effect of dental materials
(liners, temporaryand permanent restorations) and several
mechanisms, including the remineralization of dentin, the
production of tertiary dentin and the reduction of post-
operative pulpitis.}1*2 The 2" approach — selective caries
removal (SCR), also known as incomplete, partial or
minimally invasive, consists in one-visit treatment. The
idea is to leave carious (leathery/firm or soft) tissue on
the pulpal wall and to seal the cavity with a permanent
restoration. Both methods strictly require the preparation
of external cavity walls up to sound enamel and hard
dentin,1259

Dental treatment should also be considered in terms
of cost-effectiveness. There is evidence that the SCR
approach saves up to 40% of costs and is associated with high
success rates.'-15 Stepwise excavation involves additional
treatment costs, as a reopening visit is required; besides,
some failure, such as a tooth fracture or damage to
a temporary filling, may occur between treatment visits.™
Schwendicke et al. found that most unfavorable outcomes
in stepwise excavation were the result of the cavity
reopening.®

The non-complete caries removal techniques were
previously recommended for uncooperative and disabled
children with severe dental caries, and as atraumatic re-
storative treatment (ART) in underdeveloped countries
with a limited access to adequate dental equipment.t©
Recent research studies on the attitudes of dentists and
dental students to deep carious lesion management show
an increasing trend toward the implementation of modern
approaches to the treatment of permanent teeth in the
general population. On the other hand, those concepts
have not yet been adopted by many dental practitioners;
especially those with longer work experience are more
likely to perform non-selective cavity preparation 341718

There are several literature reviews on different aspects
of incomplete carious dentin removal.>781%-21 However,
there is only one paper comparing the effectiveness of the
stepwise and selective caries removal techniques,? and
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no review specifically focuses on permanent dentition.
Therefore, the aim of this review was to summarize
research findings on deep caries lesion management
approaches in permanent teeth and to identify possible
research gaps.

Material and methods

A literature review was performed to assess how the
research comparing different approaches to deep caries
lesion management in permanent teeth has been conduct-
ed, which method provides better outcomes and what are
the research gaps in this field. Two research questions
were formulated: “Which approach, stepwise/selective
caries removal vs. non-selective caries removal, provides
better outcomes in permanent teeth?”; and “Which
approach, stepwise caries removal vs. selective caries
removal, provides better outcomes in permanent teeth?”.
The main criterion for including records in the present
literature review was: articles published in peer-reviewed
journals that described the results of at least 2 different
treatment methods for deep carious lesions without pulp
exposure in permanent dentition. Intervention studies
published between 2000 and 2023 in the English language
were considered. The exclusion criteria were as follows:
non-research articles, such as protocols, books, proceed-
ings, reviews, or letters to editors.

The keywords for search were developed by 3 authors
(SB, KG and JB) based on a preliminary analysis of the litera-
ture. The following terms were used as a search strategy:
((((((((selective caries removal) OR (complete caries
removal)) OR (partial caries removal)) OR (stepwise
caries removal)) AND (permanent teeth)) OR (permanent
dentition)) AND (deep caries)) NOT (case study)) NOT
(review). The PubMed, Web of Science and Scopus
databases were searched on September 8—9, 2023, to find
relevant studies. This search was supplemented by the
analysis of the reference lists of the retrieved articles and
gray literature. The records were processed in EndNote
Web (Clarivate™, London, UK) to remove duplicates.
The results were analyzed by 3 authors (JB, KG and SB)
according to the titles and abstracts to select relevant
articles. Other authors (RE and ER) were asked for their
opinion in case of doubts as to whether the article should
be included in the analysis or not.

In the following step, the data for the analysis was
collected using an Excel spreadsheet (Microsoft Office
Professional Plus 2019; Microsoft Corporation, Redmond,
USA). It comprised information on the authors and their
affiliation (country), the year of publication, the study
type, the number of cases, the patients’ age, the tooth
type, the criteria for caries depth assessment, the kind
of intervention, the caries treatment procedure, the liner
and the material used for restoration, the cavity re-entry
period (if applicable), the outcome criteria, the follow-up
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period, and the authors’ main conclusions. The form for
data charting was developed by JB and Rt, and then
accepted by all authors. The analysis of the articles, the
synthesis of the obtained results and data charting were
carried out by 2 authors (KG and SB), and then another
2 authors (JB and ER) reviewed the records obtained.

Results

Figure 1 presents the literature search flow diagram.
An initial search showed 216 articles (PubMed — 99,
Web of Science — 62, Scopus — 55). Manual search did
not reveal any additional articles. After examining the
titles, 81 articles remained (PubMed — 35, Web of Science
— 23, Scopus — 23). After applying the de-duplication
function in the citation management software EndNote
Web, 75 records were left. Based on the analysis of the
abstracts, 11 manuscripts were selected for evaluation.
However, after a detailed analysis of the content of the
articles, 3 of them were excluded, since they concerned
prospective studies, and their final results were presented
in the papers by Bjgrndal et al.?> and Maltz et al.® One
paper was excluded due to the evaluation of 2 protocols
for the SCR method.?*

The final number of records was 7 (Table 1).222325-29
Among the studies included in this review, 1 was
a multicenter Scandinavian study,? 2 studies were from
India,?>? and others were from Brazil 23 Egypt,?® Turkey,?”
and Pakistan.?® All papers were published between 2017
and 2021. Five records compared modern caries removal
approaches and CCR (Table 2).222527-2% Three of those
studies applied the stepwise method??2728 and in the other
two, SCR was used.?>? Further 2 studies summarized in
Table 3 compared one- and two-step caries removal with
each other.2326

Identification of studies via databases

S Records Records removed
‘é identified from: . o after title screening
= o databases (n = 216) (n=135)
=
[
E ¢
[l Duplicate records removed
(n=6)
Recor(c:, s:g:c;zened — Records removed
=2} after abstract analysis
= ¢ (n=64)
—
o
g Reports excluded:
2] Reports assessed o dataﬂfl"ese“;ed Juded
P in other studies include
for eI|_g|1!;|I|ty —> in the review (n = 3)
(n=11) @ data on the same approach
|| ¢ (n=1)
°
3
3 Studies included
g in the review
. (n=7)

Fig. 1. Literature search ow diagram
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Table 1. Main characteristics of the studies included in the analysis

Bjgrndal et al.?? 2017 Denmark/Sweden RCT
Maltz et al.® 2018 Brazil RCT
Khokhar and Tewari?® 2018 India RCT
Labib et al 2 2019 Egypt RCT
Ozetal? 2019 Turkey RCT
Manhas et al.? 2020 India RCT
Ahmed et al?® 2021 Pakistan RCT

K. Gatan et al. Treatment methods for deep carious lesions

SWCR vs. non-selective caries removal
SCR vs. SWCR
SCRvs. CCR
SCR vs. SWCR
SwCR vs. CCR
SwCR vs. indirect pulp capping after complete caries excavation to firm dentin
SCRvs. CCR

RCT - randomized clinical trial; SWCR — stepwise caries removal; SCR — selective caries removal; CCR — complete caries removal.

Each study was conducted as a randomized clinical
trial (RCT), but there were many differences in the study
protocols. With regard to the patients’ age, most studies
were conducted on adults, but some included also the
permanent teeth of young children (>6 years)® and
teenagers (>14 years).?> Another difference was the group
of teeth — some studies were conducted exclusively on
molars or on lateral teeth,232526282% while other studies
included whole dentition.?2?” A deep carious lesion was
diagnosed radiographically, but the definition of such
a lesion varied from the involvement of =% of the dentin
layer to % or more. One study defined a deep carious
lesion as involving % of dentin.?®

The protocols of intervention are described in detail in
Tables 2 and 3. During complete carious dentin removal,
the decayed tissues were removed to hard dentin with or
without the use of Caries Detector dye, and then the tooth
was restored with a glass-ionomer cement (GIC) base and
a resin composite/amalgam filling.?22>2-2° Manhas et al.
sealed the pulpal wall with calcium hydroxide, and followed
with temporary restoration with zinc oxide—eugenol
cement (ZOE).?8 At the revisit, calcium hydroxide was left
on the pulpal wall and the tooth was restored with a resin
composite.?® Stepwise caries removal was performed
by hand excavation or using a bur to soft dentin or firm
dentin.?22327.28 In this method, the remaining carious
dentin was usually sealed with calcium hydroxide cement,
and GIC or modified ZOE were used for a temporary
filling. Only Labib et al. sealed the cavity directly with
GIC.% The re-entry visit was carried out between 2 and
6 months, and it included the removal of the temporary
filling, the complete removal of carious tissues (to hard
or firm dentin) and the final filling of the cavity. In the
SCR technique, most protocols consisted in removing the
infected dentin down to a soft, moist layer on the pulpal
wall, and the final restoration was made with GIC and
a resin composite/amalgam.?32526:29

The follow-up period was 1 year, 18 months, 62 months,
or 5 years.?22325-20 The outcome criteria were based on the
response of pulp and periapical tissues, and they included:
a positive response to pulp testing; the absence of spontane-
ous pain and pain on palpation/percussion; the absence
of fistulae/swelling; and a normal radiological image

of the periapical area. The overall success rate of the step-
wise method was higher or similar to that of CCR.?22728
The selective removal of carious tissues showed a similar
outcome as compared to teeth with complete excavation
(after excluding teeth with pulp exposure during excava-
tion).252° However, in the long-term observations lasting
around 5 years, the effectiveness rate of SWCR was lower
than in short-term observations, and ranged, after exclud-
ing teeth with uncompleted treatment, between 60.2%
and 75%.222 Taking into account stepwise and selective
excavation, the studies showed comparable results.?3%
Maltz et al. concluded that the effectiveness of the step-
wise technique was highly influenced by the cases without
complete treatment.?® In all the studies reporting the level
of pulp exposure, both one- and two-stage caries removal
significantly reduced the risk of such events in comparison
with complete excavation,?2252829

Discussion

This literature review showed that the number of studies
comparing different methods of removing carious
dentin in permanent dentition is limited. The evaluated
studies varied in terms of important factors that may
influence the outcome (the patient’s age, the threshold
of deep caries, the restorative method, the observation
period). However, all records showed that the stepwise
and selective approaches had a success rate at least
comparable to the traditional caries removal technique.
There were fewer cases of pulp exposure during one- and
two-step caries removal than during complete excavation.
On the other hand, due to a small number of records, no
clear conclusion could be drawn as to which method, the
one- or two-stage approach, is more beneficial for per-
manent dentition. No statistically significant differences
in the success rates were found in the studies comparing
modern approaches. Therefore, there is a gap in research
on the preferred treatment method, and more clinical
trials with long follow-up periods should be conducted.
However, there are opinions in the literature that one-step
incomplete excavation reduces the risk of failure as com-
pared to two-step removal.'6
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as to where to stop tissue excavation and which material
is most suitable for filling the cavity during non-invasive
caries removal.3* However, the hand excavation of de-
composed dentin on the pulpal wall seems to be more
appropriate. Mechanical removal with round metal burs
leads to excessive cavity preparation. Lim et al. empha-
sized that the determination of the level of removal of the
involved dentin should be based on the dentin texture
rather than its color.® The amount of the excavated
infected tissue is one of the major concerns of the partial
caries removal approach. According to Maltz et al.,
the recommended method for deep carious lesions is
selective removal to soft dentin.! The evaluated studies
confirmed that soft dentin did not have to be completely
removed from the pulpal wall to maintain a long-term
positive outcome.

In the analyzed studies, the products containing calcium
hydroxide were mainly used in the stepwise technique.
The sealing of carious dentin with calcium hydroxide
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SCR
hand excavation to soft tissue on the pulpal wall, tooth
restoration with GIC and a resin composite/amalgam
the pulpal wall, indirect pulp capping with calcium
hydroxide cement and a temporary filling with modified
ZOE; during the re-entry visit, the removal of the
remaining caries, and tooth restoration with GIC and
a resin composite/amalgam
SCR
soft dentin left on the pulpal/axial wall, tooth restoration
with GIC during the first visit, GIC partially removed to the
level of a liner, tooth restoration with a composite resin
with GIC during the first visit; during the re-entry visit,
caries excavation to firm dentin, tooth restoration with
GIC as a liner and a composite resin

>%;dentin  soft dentin left on the pulpal/axial wall, tooth restoration
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graphically
=Y dentin
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graphically

Table 3. Summary of studies comparing stepwise caries removal (SWCR) and selective caries removal (SCR)
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sealers in SCR.%2% However, Gozetici-Cil et al. found that
calcium silicate cement used in SCR to soft dentin pro-
vided no additional benefit.?*

The tooth's resistance to occlusal forces was not investi-
gated in the studies included in this review. Undoubtedly,
this aspect should be taken into account when planning
treatment. Leaving non-hard dentin can be a factor af-
fecting the biomechanical properties of the tooth tissue
and restoration. There are reports stating that teeth after
SCR have lower fracture resistance and increased deflec-
tion of cusps; therefore, restorative materials that can
support the tooth structure should be chosen.®* On the
other hand, Scholz et al. found that SCR did not impair
the marginal integrity of the restoration.®®

Limitations

This review has some limitations. Only studies com-
paring at least 2 different approaches were included;
therefore, some publications confirming the advantages
of stepwise or selective caries removal were excluded
from the analysis. Papers evaluating outcomes in prima-
ry dentition were not included. The decision to exclude
them from the assessment was based on the fact that
the risk of failure is higher for deciduous teeth due
to difficulty in proper sealing and the short lifespan
of deciduous teeth, which excludes the possibility
of a long-term evaluation.! The small number of studies
available for comparison and differences in the study
design highlight the need for standardized long-term
clinical trials on treatment approaches for deep caries
lesions in permanent dentition.

Conclusions

This literature review has shown that the number
of studies comparing the methods of deep caries lesion
management is limited, and the significant differences
in protocols regarding the cavity depth, the endpoint
of tissue excavation and the material used for cavity
restoration indicate the need for the standardization
of treatment. Further clinical trials with long follow-
up periods are necessary to determine which caries re-
moval approach, stepwise or selective, provides better
outcomes.
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The datasets supporting the findings of the current
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Abstract

Background. Obstructive sleep apnea (OSA) is a prevalent chronic condition characterized by recurrent
episodes of upper airway narrowing or collapse during sleep. Obstructive sleep apnea is associated with
various health issues, including cardiovascular disease and metabolic disorders. The cervico-cranio-
mandibular complex (CCMC) plays a critical role in musculoskeletal functions such as mouth opening and
head stabilization; however, its relationship with OSA remains insufficiently explored.

Objectives. The aim of the study was to evaluate the association between cervico-cranio-mandibular
musculoskeletal function and OSA severity, based on the hypothesis that dysfunctions within the CCMC are
associated with greater OSA severity.

Material and methods. A pilat cross-sectional study was conducted involving 32 patients with
symptoms of OSA. The participants underwent assessment of cervico-cranio-mandibular musculoskeletal
function and an ambulatory sleep study to determine OSA severity. Spearman’s tests were used to analyze
the relationships between cervico-cranio-mandibular musculoskeletal parameters and OSA severity.

Results. Significant negative correlations were observed between cervical range of motion (ROM)
(flexion, left rotation, right/left lateral flexion) and OSA severity. The strongest correlation was identified for
cervical movement in the frontal plane (r = —0.607, p < 0.001), especially among females (r =—0.772,
p <0.01). A positive relationship was found between mouth-opening muscle endurance and OSA severity
in male participants (r = 0.445, p < 0.05).

Conclusions. This preliminary study highlights potential associations between specific musculoskeletal
characteristics of the CCMC and OSA severity, with notable sex-specific patterns. These findings
may contribute to the development of targeted screening approaches and support individualized
physiotherapeutic interventions,

Keywords: neck pain, posture, temporomandibular joint, obstructive sleep apnea, craniomandibular
disorders
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« Assignificant negative correlation was identified between cervical range of motion and the severity of obstructive

sleep apnea (OSA).

« Sex-specific differences were found in the association between cervico-cranio-mandibular function and OSA.
» There is a positive correlation between mouth-opening muscle endurance and OSA severity in male participants.
 Cervico-cranio-mandibular physiotherapy represents a potential novel, non-invasive management approach

for OSA.

» Musculoskeletal assessment and research may contribute to a better understanding of OSA pathophysiology.

Introduction

Obstructive sleep apnea (OSA) is a common and
underdiagnosed condition characterized by recurrent epi-
sodes of upper airway obstruction during sleep, leading
to intermittent hypoxia, sleep fragmentation and elevated
sympathetic nervous system activity.! These disruptions
contribute to the development of cardiovascular disease,?
metabolic disorders,® cognitive impairments,* and
reduced quality of life.> Obstructive sleep apnea is strongly
associated with hypertension, atrial fibrillation, type 2
diabetes mellitus, stroke, and myocardial infarction.®

While anatomical factors such as obesity, macroglos-
sia, retrognathia, malocclusion, hyoid position, and ton-
sillar hypertrophy are well-established contributors to
OSA Y the role of musculoskeletal function in main-
taining upper airway patency remains less understood.
The cervico-cranio-mandibular complex (CCMC),
including the cervical spine, mandible and associated mus-
culature, may influence airway stability through biome-
chanical and neuromuscular mechanisms. For example,
cervical spine posture can affect pharyngeal wall tension,®
while masticatory muscle activity may alter hyoid bone
and tongue positioning.>7°

Dysfunction or imbalance within the CCMC may com-
promise airway patency, even in the absence of overt ana-
tomical abnormalities. Yet, clinical research on the mus-
culoskeletal contribution to OSA is limited.*>*? In light
of this gap, conservative interventions such as physical
therapy may offer potential therapeutic value.

Furthermore, sex-related differences in craniofacial
anatomy, fat distribution and neuromuscular control sug-
gest the presence of distinct OSA phenotypes. Women
may rely more on accessory musculature and often pres-
ent with atypical symptoms.©

The present pilot study investigated whether the
neuromuscular function and mobility of the CCMC are
associated with the severity of OSA. We hypothesized that
reduced cervical mobility, altered posture, and imbal-
ances in jaw muscle function would correlate with higher
apnea—hypopnea index (AHI) values, with possible sex-
based differences.

Material and methods

Study design and participants

This pilot cross-sectional observational study was con-
ducted between August 2023 and May 2024. A conve-
nience sample of 32 participants (20 males, 12 females),
aged 18—70 years, was recruited through referrals from
an otolaryngologist based on clinical suspicion of OSA.
All participants underwent a comprehensive musculo-
skeletal evaluation followed by an ambulatory sleep study.

The inclusion criteria were as follows: 18—70 years
of age (adult population); body mass index (BMI) <32
(to minimize a clear confounding factor); and referral
for an overnight sleep study due to suspected OSA
(e.g., excessive daytime sleepiness, loud snoring, morning
headaches, unrefreshing sleep, or frequent nocturnal
arousals). The exclusion criteria included prior treatment
for OSA, a diagnosis of temporomandibular disorders
based on the Diagnostic Criteria for Temporomandibular
Disorders (DC/TMD),*® subjective complaints of significant
neck pain within the past 30 days, surgical interventions
involving the CCMC, or neurological conditions affect-
ing motor control. Participants who had received recent
Botox treatment for bruxism or experienced technical
issues during the sleep study were also excluded.

The study was approved by the Helsinki Committee
of Soroka Medical Center, Ben-Gurion University of the
Negev, Beler-Sheva, Israel (approval No. SOR-0183-22).
Written informed consent was obtained from all par-
ticipants. A reliability protocol was implemented for
mouth-opening and mouth-closing muscle performance
measurements. The study protocol was retrospectively
registered in the Open Science Framework (OSF) (https://
doi.org/10.17605/OSF.I0/RFN75).

Musculoskeletal evaluation of the cervico-
cranio-mandibular complex
Two trained physiotherapists (AW and DG) performed

all physical assessments. Both examiners were blinded to
the results of the sleep study to minimize assessment bias.
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Mouth opening

Isometric strength during mandibular depression and
protrusion was assessed using a novel, adjustable extra-
oral force measurement device developed by the research
team (Fig. 1). The device incorporated 2 piezoresistive
force transducers (FMS-2X1002-15K-R3205w; Vishay,
Chartres, France), each with a maximum load of 150 N,
providing digital force output in real time. In the present
study, intra- and inter-rater reliability of the device were
evaluated.

The participants were seated upright with full back
support and fitted with the device adjusted to allow 20
mm of mouth opening. Based on a previous protocol,*
maximal pain-free isometric mouth-opening strength
was measured 3 times. The maximal force achieved in 3 s
was recorded and averaged. The verbal instruction for the
participant was: “On the count of three, open your mouth
as wide as you can” Afterward, based on the same proto-
col,* an endurance test was performed. The participants
were required to maintain 30% of their maximal force (to
fatigue the mouth openers) using screen-based biofeed-
back (£10% margin). For instance, for a maximal force
of 10 kg, the endurance target was 3 kg (range 2—4 kg).
The maximal pain-free time duration within this target
range was recorded using a stopwatch, following a brief
practice period. The verbal instruction was: “Maintain
your mouth open at this target level as long as you can”

Mouth closing

Based on a previous protocol,** bite force was measured
using a piezoresistive transducer-based device (iBite Pro®;
Loadstar® Sensors, Fremont, USA), with a maximum load
of 1,000 N and digital output displayed in real time.

The participants were seated upright with full back
support. Maximal pain-free bite force was recorded over
3 trials and averaged. An endurance test was followed
to assess fatiguability, during which participants main-
tained 30% of their maximal bite force using screen-based

() ()
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biofeedback (£10% margin). After a brief practice, the
pain-free endurance time within the target range was
measured using a stopwatch. Final outcomes included
maximal strength [kg] and endurance time [s] for both
mouth-opening and mouth-closing tests.

Reliability assessment for mouth-opening and mouth-
closing tests

Intra-rater reliability was assessed by repeating the
measurements on the following day by the same exam-
iner, while inter-rater reliability involved 2 examiners per-
forming measurements 1 h apart.

Neck muscle performance

The neck flexor muscle endurance test assessed cranio-
cervical flexor function.’® Based on the protocol,®® the
assessment was performed in a hook-lying position. The
participants were instructed to retract their chin, lift their
head approx. 2.5 cm above the surface while maintaining
the chin tuck, and hold the position as long as possible.
The test ended when the chin tuck was lost or when the
head rested on the examiner’s hand for more than 1 s.

Cervical range of motion

Cervical range of motion (ROM), which is often altered
in association with cervical disorders,' was measured
using a cervical ROM device (Performance Attainment
Associates, Roseville, USA), a commonly used tool for
the measurement of cervical spine mobility.” The par-
ticipants were seated upright with the trunk supported
against the backrest and feet flat on the floor. Six physi-
ological movements, namely flexion, extension, right
and left lateral flexion, and right and left rotation, were
assessed in a randomized order. Each movement was
repeated 3 times with 30-s rest intervals. The mean value
of the 3 measurements, expressed in degrees, was recorded
for each direction.

m—
—

B | 7]

FMS 2X1002- 15K R120%w

Force sensors | |

Electronic screen ] | Adjustable device |

Fig. 1. Adjustable extraoral force measurement device (parts of the gure reproduced with permission from Larit Measurements Ltd.)
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Flexion-rotation test

The flexion—rotation test (FRT)'® was used to assess
upper cervical (C1—C2) mobility. In the supine position, the
participants performed maximal head rotation to each
side while maintaining full cervical flexion. Range limita-
tions and asymmetries were documented.

Assessment of head and neck posture

The assessment of head and neck posture was conducted
using craniocervical angle analysis based on standardized
lateral photographs.®®

Sleep study

The severity of OSA was assessed using a validated home
sleep testing device (WatchPAT® 300; ZOLL® Itamar®,
Caesarea, Israel) that records peripheral arterial tone
(PAT), heart rate and oxygen saturation.?® The main out-
come was the AHI, representing the number of apneas and
hypopneas per hour of sleep. The participants wore the
device overnight at home, which consisted of a wrist unit,
a finger probe and a chest sensor. The data was interpreted
by the Sleep-Awake Laboratory of Soroka Medical Center,
Ben-Gurion University of the Negev, Be'er-Sheva, Israel.

Statistical analysis

The data was analyzed using the IBM SPSS Statistics
for Windows software, v. 22.0 (IBM Corp., Armonk,
USA). Descriptive statistics were calculated as mean (M)
and standard deviation (SD) values. The Shapiro—Wilk
test was used to assess normality of data distribution.
One-way analysis of variance (ANOVA) was utilized to
compare demographic and CCMC variables across OSA
severity groups. Spearman’s correlation coefficients
were calculated to evaluate associations between CCMC
function and OSA severity. Effect sizes were interpreted
according to Cohen’s guidelines for Pearson’s r, as follows:
0.10 (small); 0.30 (medium); and 0.50 (large). Intra- and
inter-rater reliability for mouth-opening and mouth-
closing muscle measurements were evaluated using intra-
class correlation coefficients (ICCs), based on a two-way
mixed-effects model (consistency type) and 95% confi-
dence intervals (95% ClIs). The level of statistical signif-
icance was set at p < 0.05. As an exploratory study, the
sample size of 32 participants was considered consistent
with pilot study recommendations prioritizing feasibility
and trend identification over statistical power.?

Results

The study included 32 participants (20 males and
12 females). The mean age was 47.4 +14.7 years

T. Greenbaum et al. Jaw—neck function and obstructive sleep apnea

(range: 22—68 years), and the mean BMI was 26.75
+2.53 kg/m? (range: 22.9—31.9 kg/m?). Based on the AHI
values, 28% of the participants were classified as having
mild OSA, 41% as having moderate OSA, 12% as having
severe OSA, while 19% had AHI values <5. All outcome
measures were successfully obtained for all participants,
ensuring a complete dataset for analysis.

Mouth-opening muscle strength and endurance dem-
onstrated excellent reliability (intra-rater ICC: 0.87—0.91
and 0.87—0.88, respectively; inter-rater ICC: 0.90 and 0.89,
respectively). In contrast, mouth-closing muscle strength
exhibited poor intra-rater reliability (ICC: 0.07-0.20,
M: 0.13) but high inter-rater reliability (ICC: 0.92). Mouth-
closing muscle endurance demonstrated moderate to
excellent reliability (intra-rater ICC: 0.65—0.93; inter-rater
ICC: 0.85).

Among male subjects, mouth-opening muscle endur-
ance was positively correlated with the AHI (r = 0.445,
p < 0.05), indicating a medium effect size. Additionally,
the endurance ratio of jaw-opening to jaw-closing mus-
cles was negatively correlated with the AHI (r = —0.469,
p < 0.05), also reflecting a medium effect size. These
results imply that a relative imbalance favoring mouth-
opening muscles may reflect or contribute to reduced air-
way stability. Specifically, higher mouth-opening muscle
endurance relative to mouth-closing muscles was observed
in males with moderate to severe OSA.

Cervical ROM, particularly in the frontal plane (lateral
flexion to both sides), was significantly and strongly
inversely correlated with the AHI (r = —0.607, p < 0.001).
In female participants, the correlation was even stronger
(r = =0.772, p < 0.01), indicating a large effect size and
suggesting that reduced cervical mobility may dispro-
portionately affect women’s airway function during sleep

(Fig. 2).

20 4 °
\\
N
15 b
\ o
N
N
N
E 10 N \\ o
- N
5 \
o o S
o N
N
0
50 60 70 80 90 100
ROM []

Fig. 2. Scatterplot illustrating the association between cervical range of motion
(ROM) in the frontal plane and the apnea—hypopnea index (AHI) in female
participants
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No significant associations were identified between the
AHI and neck muscle performance, head and neck pos-
ture and the FRT.

Discussion

This preliminary study explored the relationship
between musculoskeletal function of the CCMC and
the severity of OSA. The findings demonstrated a strong
negative correlation between restricted cervical ROM,
particularly lateral flexion, and OSA severity, especially in
females. These findings support the hypothesis that mus-
culoskeletal dysfunction within the CCMC may be related
to OSA severity. The observed relationship may be bidi-
rectional. Limited cervical ROM could impair compen-
satory head and neck movements during apneic events,
while chronic overactivation of accessory respiratory
muscles (e.g., scalenes) may lead to musculoskeletal adap-
tations and subsequent ROM restrictions. This feedback
loop highlights the clinical relevance of assessing cervical
function in individuals with OSA.

Contrary to our expectations, no significant correla-
tions were found between sagittal plane ROM or forward
head posture and OSA severity. These outcomes may be
partially explained by the relatively low BMI of the study
sample, which may reduce mechanical strain on cervical
structures.

Sex-specific analyses revealed stronger correlations
between limited frontal plane ROM and OSA severity in
women, aligning with evidence that women experience
different symptom patterns and musculoskeletal involve-
ment in OSA.X° These findings emphasize the importance
of sex-specific diagnostic and therapeutic considerations.

Unexpectedly, in male participants, greater mouth-
opening muscle endurance was associated with increased
OSA severity. A possible explanation is habitual mouth
opening during sleep as a compensatory response to
upper airway obstruction, leading to chronic overuse and
increased endurance of the mouth-opening muscles. This
overuse may result in hypertrophy of the supra- and
infrahyoid muscles, potentially narrowing the pharyngeal
airway and contributing to increased airway resistance.
These findings suggest a paradoxical adaptation that may
exacerbate OSA severity. Further research is warranted
to evaluate these hypotheses and clarify the underlying
mechanisms.

Limitations

Several limitations should be acknowledged. First, the
small sample size and absence of a control group, char-
acteristic of preliminary studies, limit the generalizability
of the findings. Second, the cross-sectional design pre-
cludes the establishment of causal relationships between
CCMC function and OSA severity. Longitudinal studies
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are needed to determine whether interventions aimed at
improving CCMC function can effectively reduce OSA
severity. Additionally, mandibular ROM was not assessed,
which may have limited our ability to fully characterize
the functional status of the craniomandibular complex.

Conclusions

This preliminary investigation indicates that specific
musculoskeletal characteristics of the CCMC are associ-
ated with OSA severity, particularly limitations in cervical
lateral flexion and jaw muscle imbalances. The observed
sex-specific patterns further support the importance
of personalized assessment strategies. While preliminary,
these findings open new directions for clinical screening
and physiotherapy-based interventions.
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