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Periodontitis progresses due to increased levels of active metalloproteinases (MMPs)
and the imbalance between MMPs and their tissue inhibitors (TIMPs). Natural curcumin limits the lytic activity of MMPs but has low cellular uptake. Use of synthetic curcumin analogs could be a means of overcoming this limitation of
treatment efficiency. Human periodontal stem cells were isolated from gingival tissue, gingival ligament fibers, periodontal ligament, and alveolar bone. The effect of
five synthetic curcumin analogs was compared with that of natural curcumin by
assessing cytotoxicity [by 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay], the cellular uptake (by fluorometry), the proteolytic activities of
MMP-2 and -9 (by zymography), and the levels of TIMP-1 (by ELISA). Our results
indicated increased cytotoxicity of synthetic curcumins for doses between 100 and
250 lM. At a concentration of 10 lM, cellular uptake of synthetic curcumins varied
depending on their chemical structure. The curcumin compounds modulated proMMP-2 levels and increased TIMP-1 production. There was no detectable synthesis
of pro-MMP-9 and no activation of MMPs 2 and 9. Gingival tissue and gingival
ligament fiber stem cells were most responsive to treatment, showing inverse correlations between pro-MMP-2 and TIMP-1 levels. In conclusion, synthetic curcumins
influenced the balance between pro-MMP-2 and TIMP-1 in human periodontal
stem cells in vitro, and this could open perspectives for their application as adjuvants in periodontal therapy.

In the pathogenesis of periodontitis, the local immunoinflammatory reaction induces excessive production of
pro-inflammatory cytokines and matrix metalloproteinases (MMPs) (1–3). Matrix metalloproteinases are
endogenous proteolytic enzymes that play essential
roles in the turnover of the extracellular matrix (1).
Resident periodontal cells are capable of secreting large
amounts of latent MMPs, but degradation of the extracellular matrix does not occur unless the enzymes are
activated (4, 5). Under physiological conditions, the
activity of MMPs is controlled by the tissue inhibitors
of metalloproteinases (TIMPs) (2, 6, 7). Pathologically,
increased levels of active MMPs and an imbalance
between MMPs and TIMPs are associated with the
progression of chronic inflammatory processes (2, 3).
Several studies have reported that collagenases
(MMP-1 and MMP-13) and gelatinases (MMP-2 and
MMP-9) are key enzymes implicated in the breakdown
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of periodontal extracellular matrix during periodontitis
(6–10). Moreover, it has been demonstrated that
TIMP-1 is the main inhibitor of these MMPs in the
periodontal tissues (2, 3, 7, 10). Therefore, therapeutic
agents that control the secretion and activation of
MMPs and also regulate the balance between MMPs
and TIMPs might be useful for the prevention and
treatment of periodontitis (2).
Curcumin, a polyphenol obtained from the rhizomes
of Curcuma longa, has been intensely investigated last
two decades and has proven effective in various
pathologies (11), including periodontitis. The molecular
basis of curcumin activity involves multiple signaling
pathways and targets molecules implicated in cell functions, antioxidant enzymes, and MMPs (12, 13)
through the control exerted on TIMP-1 activity (14). In
the treatment of periodontal disease, local application
of curcumin could be beneficial as a result of its
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antioxidant and anti-inflammatory properties (15–17);
moreover, by regulating MMPs (13) through TIMP-1
activation (18), curcumin could limit periodontal tissue
destruction (13).
However, the efficacy of curcumin treatment has
some limitations related to the poor bioavailability and
stability of the natural curcumin molecule, as well as
the need for high doses (19). In order to overcome the
drawbacks of limited bioavailability and low cellular
uptake, synthetic targeted curcumin analogs were developed and successfully tested as prodrugs in various
pathologies (20).
According to the International Union of Pure and
Applied Chemistry (IUPAC), natural curcumin is
defined as (1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)
hepta-1,6-diene-3,5-dione (21). Recent work performed
by members of our team focused on the synthesis of 15
natural-identical curcumin analogs. These compounds
were proved to be effective against human tumor cells,
but they also exerted immunomodulatory properties on
normal lymphocytes (22, 23). For this study, we
selected five of these compounds, based on their low
cytotoxicity on tumor cells. The structure of Synthetic
Curcumin 1 (CurcS1) is (1E,6E)-1,7-bis(3,4-dimethoxyphenyl)hepta-1,6-diene-3,5-dione (23). The curcuminoids Knoevenagel curcumin-3 (CurcK3), Knoevenagel
curcumin-4 (CurcK4), Knoevenagel curcumin-10
(CurcK10), and Knoevenagel curcumin-11 (CurcK11)
were obtained by Knoevenagel condensation (24). Knoevenagel curcumins 3 and 4 were derived from 1,7-bis
(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione,
and the difference between them is that CurcK4 bears
two methoxyphenyl moieties. Knoevenagel curcumins
10 and 11 are 1,7-bis (4-hydroxy-3-ethoxyphenyl)hepta1,6-diene-3,5-dione structures; in this case, CurcK11 is
the curcuminoid with two ethoxyphenyl groups
(Table S1) (24). Synthetic Curcumin 1 had increased
cytotoxicity on HT-29 colon carcinoma cells and on
A2780 ovary tumor cells; by contrast, CurcS1 had only
a mild effect on lymphocytes. The Knoevenagel condensates CurcK3, CurcK4, CurcK10, and CurcK11
proved to be intensely cytotoxic against HT-29 colon
carcinoma cells. The cytotoxic effect of the five synthetic curcumin analogs was associated with the
increased cellular uptake and the regulation of intracellular enzymes implicated in oxidative stress (22, 23).
Based on these findings, we tested the activity of
these synthetic curcuminoid compounds, in comparison
with natural curcumin (Curc), on normal human periodontal cell lines in order to explore three hypotheses:
(i) as they are normal mesenchymal stem cells, the periodontal stem cells could have different responses to
synthetic curcumins, compared with the epithelial
tumor cells previously tested; (ii) the cytotoxic effect of
the synthetic curcumin analogs could be comparable
with natural curcumin, but the cellular uptake might be
higher; and (iii) the synthetic curcumins could be effective in regulating the balance between the proteolytic
enzymes (MMP-2 and MMP-9) and their endogenous
inhibitors (TIMP-1) and thus they might be promising
therapeutic agents.

To our knowledge, this is the first in-vitro study to
investigate the effect of synthetic curcumin analogs on
normal oral stem cells. The purpose of the present
study was to assess the in-vitro effect of the five synthetic curcumin analogs on the synthesis of MMP-2,
MMP-9 (latent and active forms), and TIMP-1 in four
types of mesenchymal stem cells isolated from the
human periodontium.

Material and methods
Tissue sampling, cell lines, and cell cultures
All procedures were performed in accordance with the ethical standards of the institutional and national research
committee and with the 1964 Helsinki declaration and its
later amendments or comparable ethical standards. The
clinical protocol was approved by The Ethics Committee
of the University of Medicine and Pharmacy ‘Iuliu Hatieganu’, Cluj-Napoca (343/2.10.2014). Periodontal tissues
were harvested from four patients, ages 18–58 yr, with no
comorbidities and without infectious complications associated with the teeth. The tissues were harvested from teeth
indicated for extraction, after the patients gave their
informed consent. The following four lines of human periodontal mesenchymal stem cells were obtained: gingival
tissue stem cells (GTSCs), which were isolated from the
gingival chorion in the samples of interdental papillae harvested by excision; gingival ligament stem cells (GLSCs),
which were isolated from the gingival fibers attached in
the cervical zone of the teeth after tooth extraction; periodontal ligament stem cells (PDLSCs), which were isolated
from the periodontal ligament in the middle root zone;
and alveolar bone stem cells (ABSCs), which were isolated
from the interradicular septum. The isolation method has
previously been described (25, 26). The cells were seeded
on 96-well plates, at 2 9 104 cells per well, in complete
medium for mesenchymal stem cells: Dulbecco’s modified
Eagle’s medium (DMEM) 4500 glucose/Ham’s Nutrient
Mixture F12 (1:1, v/v) supplemented with 20% fetal calf
serum, 1% non-essential amino acids, 2 mM L-glutamine,
1% antibiotics (100 U ml!1 of penicillin and 100 lg ml!1
of streptomycin), 1 mM natrium pyruvate, and 55 lM
beta-mercaptoalcohol. The growth media and chemicals
were purchased from Sigma Aldrich (St Louis, MO, USA)
and the 96-well plates were purchased from Nalgene Nunc
(through Thermo Scientific, Waltham, MA, USA).
Cell treatments
For cell treatments, Curc and the five synthetic curcumin
analogs (CurcS1, and curcumins obtained by Knoevenagel
condensation, namely CurcK3, CurcK4, CurcK10, and
CurcK11) were used. Stock solutions in absolute ethanol
were prepared, according to the molecular mass and solubility of the compounds, as follows: Curc, 5 mM; CurcS1,
5 mM; CurcK3, 10 mM; CurcK4, 10 mM; CurcK10,
10 mM; and CurcK11, 10 mM. The stock solutions were
then diluted with endotoxin-free water to obtain the concentrations (250, 100, 50, 25, and 10 lM) used for the cell
treatments. Untreated cells were cultured in complete medium for mesenchymal stem cells and were considered as
controls for each cell line (Ctrl). Curcumin powder with a
purity more than ≥94% and curcuminoids content more
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than ≥80%, absolute ethanol, and endotoxin-free water
were purchased from Sigma Aldrich.
Cytotoxicity assay
Cell viability following treatment with Curc and the
synthetic curcumin analogs was assessed using the 3(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (Sigma Aldrich) (25). This colorimetric assay
is based on the capacity of living cells to transform the
MTT dye into its intensely purple formazan form, with
cell viability being directly proportional to the optical densities of the samples (25). The measurements of the optical
densities of the supernatants were performed using a Synergy 2 multiplate reader from BioTek (Winooski, VT,
USA). The experiments were run in triplicate, and three
independent measurements were made for the four types
of cells and for each concentration of the natural and synthetic curcumins. Cell viability and cell proliferation upon
treatment with the five test concentrations of each synthetic curcumin were compared with values obtained for
untreated cells and control cells with the same concentration of Curc.
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(CBBR-250; Merck), as transparent bands against a darkblue background, where the enzyme has digested the substrate. Densitometric quantification was performed with
an image analyzer using the Bio-1D software (Vilber-Lourmat, Marne-la-Vall"ee, France). The bands were confirmed
as MMP-2 and MMP-9 using a standard enzyme marker.
Experiments were run in duplicate, and three independent
measurements were made in the four cell lines treated with
10 lM solutions of Curc and the five curcumin analogs.
Taking into consideration the cytotoxicity of the compounds and the variable number of cells in the wells from
which the supernatant was collected, in each sample in
which the protein concentration was measured, the protein
aliquots were diluted to normalize the values and the
MMP activity was expressed as arbitrary units per lg of
protein.
TIMP-1 ELISA

Cells were cultivated on 24-well plates for 24 h, together
with 10 lM Curc or curcumin analogs. The cell culture
medium was removed, then repeated washings with PBS
(from Sigma Aldrich) were performed; 350 ll of PBS at
24°C were added to each well and kept for one minute,
and then the PBS was removed; the procedure was
repeated three times (27), cellular uptake of these compounds was assessed by fluorometric measurements using
a Synergy 2 multiplate reader (BioTek) at 485 nm, and
Observer D1 inverted the phase fluorescence microscope
with a 488 nm filter (Carl Zeiss, Oberkochen, Germany).
The experiments were run in triplicate and three independent measurements were made in the four cell lines, for
the 10 lM solution of Curc and each synthetic curcumin.

The production of TIMP-1 was assessed using the ELISA kit
for human TIMP-1 (Boster Biological Technology, Fremont,
CA, USA). Briefly, the standard solutions were prepared
according to the manufacturer’s indications. In each precoated well, 100 ll of sample or standard was added and
incubated for 90 min at 37°C. The content of the plate was
removed by blotting against absorbent paper, and 100 ll of
biotinylated anti-serum antibody was added to each well.
After 1 h of incubation at 37°C, the plate was washed three
times with PBS. Then, 100 ll of Avidin-Biotin-Peroxidase
Complex (ABC) working solution was added and the plates
were incubated for another hour. After five washing cycles
with PBS, 3,30 ,5,50 -tetramethylbenzidine (TMB) color developing agent was added, then after 25 min the stop solution,
after which the samples were immediately subjected to colorimetric measurement at 450/540 nm and quantitative data
were obtained after processing absorbance data using the
equipment’s software (Sunrise microplate plate reader with
Magellan software; Tecan, M€
annedorf, Switzerland). The
experiments were run in duplicate and three independent measurements were made in the four cell lines treated with 10 lM
Curc and the five curcumin analogs.

MMP-2 and MMP-9 gelatin zymography

Statistical analysis

The cells were cultivated on 24-well plates, treated with
10 lM solution of Curc or curcumin analogs; after 24 h,
the supernatant from each well was removed and used in
gelatin zymography to detect activity of MMP-2 and
MMP-9 and in ELISA to measure the concentration of
TIMP-1. Matrix metalloproteinases 2 and 9 are extracellular proteins; therefore, their proteolytic activities in the
culture supernatant were assessed using gelatin zymography (28). According to the Bradford protein assay (29),
the samples were diluted to 20 lg with Laemmli buffer
[62.5 mM Tris–HCl (Sigma-Aldrich, Steinheim, Germany),
25% glycerol (Consors, Bucharest, Romania), 2% SDS
(Sigma-Aldrich)] and electrophoresed through a 10% polyacrylamide gel (Sigma-Aldrich), co-polymerized with
1 mg ml!1 of gelatin (Sigma-Aldrich), at 100 V for
120 min. Following electrophoresis, the gels were washed
with 2.5% Triton X-100 (Serva, Heidelberg, Germany) for
1 h, then incubated overnight at 37°C in 50 mM Tris–
HCl, pH 7.4, containing 5 mM CaCl2 (Merck, Darmstadt,
Germany), 200 mM NaCl (Sigma-Aldrich), and 0.02%
Brij-35 (Merck). The MMP activities were detected, after
staining the gel with Coomassie Brilliant Blue G-250

Data were analyzed using the PRISM 5 software (GraphPad
Software, La Jolla, CA, USA). One-way ANOVA, followed
by Dunnett’s Multiple Comparison Test, was used for
comparing the absorbance of the supernatants obtained in
the MMT colorimetric assay, the units of fluorescence
resulting from the compounds taken up by the cells, and
the levels of pro-MMP-2. The absorbance and fluorescence
values and pro-MMP-2 levels of the cells treated with
Curc and the curcumin analogs were compared with those
of the untreated cells (Ctrl). For each stem cell line, linear
regression analysis was used to estimate the strength of the
linear relationship between the concentration of Curc or
curcumin analogs in the stock solutions (10, 25, 50, 100,
or 250 lM) and the resulting cell growth. The Ctrl group
(0 lM) values were considered as equal to zero, and the
deviation from zero was assessed for the values obtained
for each dose and each compound. Thereby, the slope and
its 95% CI are estimates of the concentration effect, with
negative slopes indicating cell growth inhibition. Linear
regression analysis was also used to analyze the relationship, for each periodontal stem cell line, between the concentration of Curc or curcumin analogs in the stock

Evaluation of cellular uptake using fluorescencebased methods
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solutions (10–250 lM) and the difference in the cellular
uptake of curcumin, calculated as synthetic – natural.
Finally, the Pearson correlation coefficient was used to
assess the strength of the linear relationship between the
levels of pro-MMP-2 and TIMP-1.

lines incorporated significantly more CurcS1 and less
CurcK3 than Curc. Knoevenagel curcumin-4, -10, and
-11 showed variable intracellular accumulation in the
four cell lines compared with Curc (Table 2 and
Fig. 2).

Results

Effect of synthetic curcumin analogs on MMP-2,
MMP-9, and TIMP-1 production

Cellular viability assessment

There was a significant decrease in viability in all cell
lines treated with Curc or curcumin analogs compared
with the Ctrl, as evidenced by the negative slopes presented in Table 1.
In the four cell lines, higher doses of synthetic curcumin analogs induced significant cell death compared
with the untreated cells, but lower doses were better tolerated. Gingival ligament stem cells and PDLSCs were
affected most, and AVBSCs were affected least (Fig. 1
and Figure S1). Moreover, the synthetic curcumin analogs had a dose-dependent effect on cell viability and proliferation compared with natural curcumin. In GTSCs,
proliferation was stimulated by CurcK10 at 100 lM and
inhibited by CurcK4 at 50 lM. The cytotoxicity of the
other synthetic curcumins was similar to that of Curc. In
GLSCs, CurcK3, 4, 10 and 11 at concentrations ranging
between 10 and 50 lM were sometimes more toxic than
Curc, but above 100 lM, these compounds were not significantly more toxic compared with Curc. Synthetic Curcumin 1 slightly increased viability of GLSCs compared
with Curc, at all concentrations. In PDLSCs, CurcS1 and
CurcK10 at 250 lM induced proliferation; at concentrations ranging between 10 and 100 lM, CurcS1 toxicity
was comparable with Curc, but CurcK3, 4, 10, and 11
induced cell death. In ABSCs, the synthetic curcumins
and Curc had comparable cytotoxicity (Fig. 1 and
Figure S1).

Pro-MMP-2 (72 kDa) was detected in the conditioned
media from all four types of periodontal stem cells
treated with the synthetic curcumin analogs and was
more prevalent in GLSCs and PDLSCs. There was no
detectable secretion of pro-MMP-9 (92 kDa), active
MMP-2 (66 kDa), and active MMP-9 (83 kDa)
(Fig. 3).
There were significant differences in the levels of proMMP-2 in the cell culture supernatant upon treatment
with the synthetic curcumins compared with untreated
cells (Ctrl). Synthetic Curcumin 1 and CurcK11 were
effective in decreasing the levels of pro-MMP-2 in
GTSCs, whereas CurcK3, 4, and 10 were effective on
gingival tissue stem cells and GLSCs (Fig. 3).
The curcuminoids increased the levels of TIMP-1 in
all types of cells. Knoevenagel curcumins 3 and 4 were
efficient in increasing the levels of TIMP-1 in GTSCs
and GLSCs, whereas CurcK10 was more effective on
GTSCs. Synthetic Curcumin 1 and CurcK11 slightly
influenced the levels of TIMP-1 in all types of cells
(Fig. 4).
There was a significant inverse correlation between
the levels of pro-MMP-2 and TIMP-1 induced by the
treatment with the synthetic curcumin analogs in
GTSCs and GLSCs, whereas the inverse correlation
observed in ABSCs was not statistically significant and
no correlation was observed for PDLSCs (Fig. 5).

Fluorometric cellular uptake evaluation

Discussion

There were significant differences in the cellular uptake
of the synthetic curcumins compared with Curc. All cell

This study demonstrates that when used in low doses,
synthetic curcumin analogs are not cytotoxic and show

Table 1
Cell growth-inhibition rates of natural curcumin and synthetic curcumin analogs on the four periodontal stem cell lines investigated
Cell lines
Substance
Curc
CurcS1
CurcK3
CurcK4
CurcK10
CurcK11

Gingival tissue stem cells b
(SDb)

Gingival ligament stem cells b
(SDb)

Periodontal ligament stem cells b
(SDb)

Alveolar bone stem cells b
(SDb)

!5.09
!4.78
!3.71
!3.81
!3.72
!5.55

!8.28
!7.34
!5.14
!4.69
!5.71
!4.98

!8.58
!7.50
!4.36
!5.07
!3.74
!4.90

!3.64
!3.43
!3.11
!3.11
!3.70
!4.49

(0.88)*
(0.83)*
(0.88)*
(1.14)†
(0.57)*
(0.91)*

(1.4)*
(1.24)*
(1.69)†
(2.12)‡
(1.77)†
(2.03)‡

(1.13)*
(1.3)*
(1.96)‡
(1.97)‡
(1.73)‡
(2.05)‡

(0.55)*
(0.66)*
(0.7)*
(0.7)*
(0.51)*
(0.84)*

Data represent growth inhibition estimated using linear regression, for each stem cell line, of the relationship between the concentration of
curcumin or curcumin analogs in the stock solutions (0, 10, 25, 50, 100, or 250 lM) and the resulting cell growth. All estimates (regression
coefficient b and SDb) should be multiplied by 10!4.Negative regression coefficient values indicate decreased cell viability in all stem cell
lines. All values were significantly lower compared with the Ctrl; *P < 0.001; †P < 0.01; ‡P < 0.05.
Ctrl, cells cultured in complete medium for mesenchymal stem cells; Curc, natural curcumin; CurcS1, Synthetic Curcumin 1; CurcK3,
Knoevenagel curcumin-3; CurcK4, Knoevenagel curcumin-4; CurcK10, Knoevenagel curcumin-10; CurcK11, Knoevenagel curcumin-11.
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Fig. 1. Effect of 10 lM solutions of natural curcumin (Curc)
and the synthetic curcumin analogs on cell viability and proliferation. In, all curcumin analogs induced a significant
decrease in viability of gingival ligament stem cells and periodontal ligament stem cells, and a slight reduction in viability
of gingival tissue stem cells. In alveolar bone stem cells,
Synthetic Curcumin 1 (CurcS1), Knoevenagel curcumin-10
(CurcK10), and Knoevenagel curcumin-11 (CurcK11) induced
slight proliferation compared with cells cultured in complete
medium for mesenchymal stem cells (Ctrl). CurcK analogs
were more toxic than Curc in gingival ligament fiber stem
cells and periodontal ligament stem cells, but their cytotoxicity was comparable with Curc in gingival tissue stem cells and
alveolar bone stem cells. CurcS1 did not induce significant differences compared with Curc. The bars represent mean, and
error bars indicate SD. ***P < 0.001; **P < 0.01; *P < 0.05
compared with the Ctrl; ##P < 0.01; #P < 0.05 compared with
Curc. The effect of a series of concentrations ranging from 10
to 250 lM of curcumin and synthetic curcumin analogs on
the four cell lines is presented in Figure S1

increased cellular uptake by human periodontal stem
cells. Moreover, the compounds were efficient in controlling the balance between the activation of MMP-2
and MMP-9 and the production of TIMP-1.
Periodontal tissues are under constant mechanical
stress and susceptible to destruction from products of
the bacterial biofilm; moreover, the proinflammatory
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cytokines and proteolytic enzymes secreted by inflammatory cells and resident cells play essential roles in the
breakdown of periodontal tissues (30). Collagen, the
major component of the periodontal ligament, enables
the specific functions of the gingiva, the periodontal
ligament, and the alveolar bone (7). Collagen degradation in the periodontal tissues is, in part, a result of
alterations in the interaction between resident cells and
the extracellular matrix, which involves the production
of proteolytic enzymes such as MMPs, proinflammatory cytokines, and growth factors (3, 5, 31).
Matrix metalloproteinases 2 (gelatinase A) and 9 (gelatinase B) are capable of degrading several types of
collagen (IV, V, VII, IX, and X), including denatured
collagen (gelatin) and non-collagenous matrix proteins
(9, 10, 32, 33). Tissue inhibitors of metalloproteinases
bind to the active sites of the enzymes to create
bimolecular complexes and block the activation of
MMPs by autolysis (5, 6). Therefore, the equilibrium
between MMPs and their inhibitors is crucial for tissue
remodeling (10, 34).
In the periodontium, mesenchymal stem cells play
essential roles in maintaining structural integrity but it
is unclear if they are implicated in pathological processes, such as inflammation. It has been demonstrated
that adult resident cells, including gingival and periodontal ligament fibroblasts, are capable of synthesizing proteolytic enzymes such as MMPs and their
inhibitors, TIMPs, under normal conditions (30, 34).
During periodontitis, periodontal pathogens, such as
Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans, trigger the upregulation and activation
of MMPs 1, 2, 3, 8, 9, and 14 in gingival and periodontal
ligament fibroblasts (4, 5, 8, 10, 35–37). Moreover,
TIMP-1 can be degraded by P. gingivalis supernatant
(4, 5). In such conditions, the MMP/TIMP imbalance
leads to increased collagen destruction (3, 7, 9, 34). Therefore, therapeutic agents, efficient in controlling MMP
secretion or/and TIMP production might be novel avenues
for use in periodontal therapy (38).
The present study assessed the amounts of MMP-2,
MMP-9 (proforms and active forms), and TIMP-1 in

Table 2
Uptake of synthetic curcumin analogs vs. natural curcumin in the four periodontal stem cell lines investigated
Cell lines
Substance

Gingival tissue stem cells b
(SDb)

Gingival ligament stem cells b
(SDb)

Periodontal ligament stem cells b
(SDb)

Alveolar bone stem cells b
(SDb)

CurcS1
CurcK3
CurcK4
CurcK10
CurcK11

23.50 (0.14)*
!4.35 (0.11)*
!4.15 (0.18)†
!7.30 (0.14)*
1.90 (0.1)†

33.45 (0.11)*
!8.20 (0.14)*
!7.10 (0.60)†
!8.00 (0.14)†
!1.50 (0.14)†

44.75 (0.11)*
!7.20 (0.14)*
!7.15 (0.11)*
!2.35 (0.18)†
!1.10 (0.14)‡

1.85 (0.11)†
!1.30 (0.15)‡
14.30 (0.15)*
4.55 (0.11)*
3.20 (0.07)*

Data were estimated using linear regression, for each stem cell line, of the relationship between the difference (synthetic analog – natural
curcumin) in the concentration of curcumin or curcumin analogs in the stock solutions (10, 25, 50, 100 or 250 lM) and the resulting cell
growth. All estimates (regression coefficient b and SDb) should be multiplied by 10!4.
Positive regression coefficient values indicate increased intracellular accumulation of the compounds, while coefficients indicate decreased
intracellular curcuminoid content; *P < 0.001; †P < 0.01; ‡P < 0.05 compared with Curc.
Curc, natural curcumin; CurcS1, Synthetic Curcumin 1; CurcK3, Knoevenagel curcumin-3; CurcK4, Knoevenagel curcumin-4; CurcK10,
Knoevenagel curcumin-10; CurcK11, Knoevenagel curcumin-11.
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Fig. 2. Comparison between the uptake of natural curcumin
(Curc; 10 lM) and the synthetic curcumin analogs (10 lM)
by periodontal stem cells. Compared with the intracellular
concentration of Curc, the intracellular concentration of
Synthetic Curcumin 1 (CurcS1) was significantly higher, and
the intracellular concentration of Knoevenagel curcumin-3
(CurcK3) was significantly lower, in all cell lines,. Intracellular
accumulation of Knoevenagel curcumin-4 (CurcK4) and Knoevenagel curcumin-10 (CurcK10) was increased only in alveolar bone stem cells, and intracellular accumulation of
Knoevenagel curcumin-11 (CurcK11) was higher in alveolar
bone stem cells and gingival tissue stem cells. The bars represent mean, and error bars indicate SD. ***P < 0.001;
**P < 0.01; *P < 0.05 compared with Curc

culture supernatant in order to establish the ability, if
any, of synthetic curcumin analogs to regulate the balance between the proteolytic enzymes and their associated tissue inhibitors produced by the periodontal
mesenchymal stem cells.
The MTT assay indicated that cytotoxicity depended
on the chemical structure of the compounds and the
concentrations used for the cell treatments. The structure of the synthetic curcumins was also found to influence their uptake by cells. Synthetic Curcumin 1 has a
structure similar to that of natural curcumin; therefore,
there was no significant difference in cytotoxicity
between CurcS1 and Curc. However, the presence of
methoxy groups in position 4 of the phenyl groups in
positions 1 and 7 seems to be favorable for cellular
uptake. In the CurcK series, the additional phenyl derivate linked to carbon atom 4 and the oxygen atoms
linked as carbonyl groups in positions 3 and 5 on the
heptane chain seemed to be responsible for the
increased cytotoxicity and lower uptake compared with
Curc and CurcS1. Among the CurcK series, CurcK10
and CurcK11 were less toxic than CurcK3 and CurcK
because CurcK10 and CurcK11 have ethoxyphenyl
moieties linked to the heptane chain rather than methoxyphenyl groups which are found in CurcK3 and
CurcK4. Moreover, CurcK3 and CurcK10 had a bulky
ethoxy group grafted on the third phenyl, which could
be an impediment in cellular internalization.
Additionally, the four types of cells exhibited different responses, depending on their origin. Gingival ligament stem cells and PDLSCs were the most sensitive to

Fig. 3. Effect of synthetic curcumin analogs (10 lM) on the
secretion of pro-matrix metalloproteinases (MMP)s 2 and 9 in
periodontal stem cells. The left panels shows zymography
results. Lysis bands corresponding to pro-MMP-9, active
MMP-2, and active MMP-9 were very weak and therefore
unquantifiable; stronger lysis bands corresponding to proMMP-2 were detected in all cell lines. The right panel shows
bar chart representations of the zymography results for proMMP-2. Synthetic Curcumin 1 (CurcS1) and Knoevenagel
curcumin-11 (CurcK11) significantly increased the levels of
pro-MMP-2 in gingival ligament stem cells, periodontal ligament stem cells, and alveolar bone stem cells, but significantly
decreased the levels of pro-MMP-2 in gingival tissue stem
cells. Knoevenagel curcumins 3, 4, and 10 increased the levels
of pro-MMP-2 in periodontal ligament stem cells and alveolar
bone stem cells, but significantly decreased the secretion of
pro-MMP-2 in gingival tissue stem cells and gingival ligament
stem cells. The bars represent mean, and error bars indicate
SD. ***P < 0.001 compared with cells cultured in complete
medium for mesenchymal stem cells (Ctrl)

the curcumin analogs, probably because of their high
rate of proliferation and increased metabolism, compared with GTSCs and ABSCs.
Our results suggest that some of the curcumin analogs tested could successfully replace Curc when used
as therapeutic agents on periodontium-derived stem
cells. Synthetic Curcumin 1 had low cytotoxicity and
increased cellular uptake compared with Curc. At low
concentrations, CurcK10 and CurcK11 showed an invitro behavior comparable with Curc on GTSCs,
ABSCs, and GLSCs; only the PDLSCs seemed to be
slightly affected.
The gelatin zymography results demonstrated that
both the Ctrl and the cells treated with the synthetic
curcumins expressed a single lysis band corresponding

Curcuminoids effect on periodontal cells

Fig. 4. Levels of tissue inhibitor of metalloproteinase (TIMP)1 in conditioned media of the four cell lines as a result of
treatment with the synthetic curcumin analogs (10 lM). Knoevenagel curcumin-3 (CurcK3) and Knoevenagel curcumin-4
(CurcK4) significantly increased the levels of TIMP-1 in gingival tissue stem cells and gingival ligament fiber group stem
cells, whereas Knoevenagel curcumin-10 (CurcK10) significantly increased the levels of TIMP-1 in gingival tissue stem
cells. Synthetic Curcumin 1 (CurcS1) and Knoevenagel curcumin-11 (CurcK11) had no significant effect. The bars represent mean, and error bars indicate SD. ***P < 0.001;
**P < 0.01; *P < 0.05 compared with cells cultured in complete medium for mesenchymal stem cells (Ctrl).

Fig. 5. Correlation between the levels of pro- matrix metalloproteinase (MMP)-2 and tissue inhibitor of metalloproteinase
(TIMP)-1 in the conditioned media of the four cell lines upon
treatment with the synthetic curcumin analogs; in gingival tissue stem cells and gingival ligament stem cells, there was a
significant inverse correlation, whereas in periodontal ligament
stem cells and alveolar bone stem cells there was no correlation. *P < 0.05

to pro-MMP-2, whereas the active forms of MMP-2
and MMP-9 were not present. Our results are consistent with the data reported by ZHOU & WINDSOR (4),
who demonstrated expression of MMP-2, but not of
MMP-9, by human gingival fibroblasts in culture under
normal conditions and when exposed to P. gingivalis.
SATO et al. (10) also reported that periodontal cells in
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primary culture synthesized low amounts of pro-MMP2 and TIMP-1. Moreover, our findings are in accordance with data reported by KUT-LASSERRE et al. (30),
who studied adult gingival fibroblasts, suggesting that
periodontal mesenchymal cells had the same function
as adult resident cells.
The synthetic curcumin analogs exerted various
effects on the synthesis of MMPs and TIMP-1 in
PDLSCs. The curcuminoids did not induce detectible
synthesis of pro-MMP-9, but did stimulate the synthesis of pro-MMP-2 and TIMP-1; however, MMP-2 and
MMP-9 were not present in an active form. The compounds did not induce activation of the enzymes, but
reduced the levels of pro-MMP-2; therefore, they did
not induce an inflammatory phenotype in the periodontal stem cells. Knoevenagel curcumins 3, 4, and 10 were
the most effective in reducing the levels of pro-MMP-2
whereas CurcS1 was less efficient. However, as all five
synthetic curcumins induced a significant increase in
levels of TIMP-1, these compounds could be efficient in
controlling proteolytic activity. The inverse correlation
between pro-MMP-2 and TIMP-1 in GTSCs and
GLSCs indicates that these cells were the most responsive to the treatment with synthetic curcumins. These
findings suggest that synthetic curcumins had an effect
comparable with that of natural curcumin in controlling MMP-2 activity and TIMP-1 production. Hence,
SHAO et al. (39) reported that curcumin exerted an antiinvasive effect by downregulation of MMP-2 and
upregulation of TIMP-1 in breast cancer tumor cells in
culture.
The significance of these results requires further investigations of the mechanisms underlying the effect of synthetic curcumin analogs, but within the limits of this
study, could provide new perspectives regarding their
possible use for the local treatment of periodontitis.
Recent studies have been conducted in search for a
‘super curcumin’ with equal or better biological activities than those of natural curcumin. Curcumin analogs and derivates have been shown to exhibit
various therapeutic effects in several in-vitro and invivo models, including antioxidant, cardioprotective,
antidiabetic, antimutagenic, and anticarcinogenic
activities (40, 41). While natural curcumin has been
intensely studied in oral pathology, the potential of
synthetic curcuminoids as a prodrug is a novel
research direction. Moreover, previous studies were
performed on animal models only, and focused on
molecular pathways other than those analyzed in this
study (41, 42). ELBURKI et al. (42) studied the efficacy
of a chemically modified curcumin in experimental
periodontitis in rats and reported a reduction of alveolar bone loss and a decrease of blood inflammatory
cytokines and MMPs.
The conclusions regarding the beneficial in-vitro
effect of the CurcK series, examined in vitro from the
perspective of human periodontal stem cells, were in
concordance with the in-vivo results.
One of the limitations of the present study is that the
effect of the synthetic curcumin analogs was not
assessed in a dynamic set of experiments using several
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measurements at different time points. Such should be
done in order to establish if the cellular responses are
time-dependent.
Further in-vitro studies will be conducted in order to
investigate the effect of synthetic curcumin analogs in
the presence of P. gingivalis lipopolysaccharide and the
potential protective role against other pathogenic mechanisms in periodontitis, including oxidative stress and
the advanced glycation end products. Moreover, experimental studies on animal models for periodontal disease and clinical trials could establish possible
therapeutic efficacy of these compounds as adjuvants in
periodontal therapy.
In conclusion, low doses of synthetic curcumin analogs exhibited reduced cytotoxicity and efficient uptake
in human periodontal stem cells. Synthetic Curcumin 1
had the lowest cytotoxicity and the highest intracellular
concentration. The compounds induced variable
responses in modulating the balance between MMPs
and TIMPs, depending on their chemical structure and
the origin of the cells. The compounds inhibited the
activation of MMP-2 and MMP-9 in culture. Synthetic
Curcumin 1 and CurcK11 reduced the levels of proMMP-2, whereas all curcuminoids increased the production of TIMP-1. Gingival tissue and gingival ligament stem cells were the most responsive to treatment
with the synthetic curcumin analogs. The natural-identical curcuminoids, particularly CurcS1 and CurcK11,
were more targeted than their natural analog and they
have good perspectives to be used as adjuvants in periodontal therapy.
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Abstract
The study aimed to assess the effect of curcumin on nitro-oxidative stress in ligature-induced rat
periodontitis. Periodontitis was induced in male Wistar-Bratislava albino rats with a silk ligature
around the inferior incisors. Curcumin was administered alone or with piperine. Rats were randomly
assigned to five groups (n=5): 1. PER - periodontitis; 2. OC – oral curcumin; 3. OCP - oral curcumin
and piperine; 4. OCPLC – oral curcumin and piperine, and local curcumin; 5. LC – local curcumin.
Oral curcumin (1g/kg b.w.) and piperine (5mg /kg b.w.) were administered daily by gavage. Local
treatment with curcumin was performed with a 2% muco-adhesive gel. Blood was collected and serum
nitro-oxidative stress was evaluated through total oxidative status (TOS), total antioxidant capacity
(TAC), total nitrites and nitrates (NOx) and oxidative stress index (OSI). The results demonstrated that
orally administered curcumin, either alone or associated with piperine significantly reduced the serum
NOx, TOS and OSI. Oral curcumin alone increased TAC. Piperine association did not significantly
reduce systemic nitro-oxidative stress compared with curcumin alone. Local curcumin did not
significantly influence the serum parameters. In conclusion, in rat ligature-induced periodontitis, oral
administration of curcumin was effective in reducing the systemic nitro-oxidative stress, whereas local
delivery showed no effect.

Key words: curcumin, nitro-oxidative stress, ligature-induced periodontitis, rat

Introduction
Nowadays it is well known that the complex pathogenesis of periodontitis implicates
both the presence of the microbial plaque and the host immune-inflammatory response.
Hence, more and more emphasis is laid on the development of host modulatory therapies as
adjuncts to the antimicrobial treatment [1]. Agents that modulate host response include
systemically or locally delivered pharmaceuticals and herbal extracts capable to restore the
biological balance by controlling the release of pro-inflammatory cytokines, by blocking the
activity of enzymes or by neutralizing the free radicals [2].
Antioxidants scavenge free radicals and prevent collateral tissue damage caused by
oxidative stress, thus emerging as prophylactic and therapeutic agents [3]. Current trends in
healthcare focus on herbal products, which symbolize safety, in contrast to synthetic drugs
considered potentially harmful for humans and the environment [4].
Turmeric, the yellow spice obtained from the rhizomes of Curcuma longa, a perennial
member of the Zingiberaceae family cultivated in Southeast Asia, has been used in traditional
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Ayurvedic medicine even since the 19th century BC [5]. Two centuries ago, in 1910, curcumin
was first isolated from turmeric and its structure was described as diferuloylmethane; it is a
polyphenol, the primary component of curcuminoids, which also include curcumin co-purified
derivates: demethoxycurcumin and bisdemethoxycurcumin [6,7].
Within the last six decades, numerous clinical, experimental and in vitro studies have
been conducted in order to investigate the pharmacological, pharmacokinetic and
pharmacodynamic activities of curcumin [8]. Increasing evidence has assigned to curcumin
anti-inflammatory, antioxidant, antibacterial, antiviral, antifungal, and anticancer properties
[8,9,10] and proved its efficiency in various pathologies, including periodontitis [11,12].
The aims of this study were to assess the antioxidant effect of curcumin and to compare
the efficiency of various therapeutic approaches in experimental periodontitis in rats. We
evaluated and compared the nitro-oxidative stress parameters related to the different routes of
curcumin administration.

Material and methods
Chemicals
Curcumin was purchased from Organika Health Products Inc. 11871 Hammersmith way
Richmond, BC V7A 5E5 Canada. Each capsule contained 500mg powder of Curcuma longa
rhizome, with a content of 95% curcuminoids.
Piperine was purchased from Provita Nutrition, Celex Canadian Laboratories. Each
capsule contained piperine powder of Piperum nigrum 9.92mg and biotine 80µg.
Analytical grade chemicals were used exclusively. Trolox (6-hydroxy-2,5,7,8tetramethylchroman-2-carboxylic acid), N-(1-Naphthyl) ethylenediamine dihydrochloride
(NEDD), xylenol orange [o-cresosulfonphthalein-3,3-bis(sodium methyliminodiacetate)],
ortho dianisidine, vanadium (III) chloride (VCl3), hydrogen peroxide (H2O2), methanol,
diethyl ether sulphanilamide (SULF) and ferrous ammonium sulphate were purchased from
Sigma-Aldrich (Germany) and Merck (Germany).
Curcumin muco-adhesive gel preparation
The muco-adhesive gel was prepared by the incorporation of the curcumin powder into a
gel matrix to obtain a concentration of 2% curcuminoids; the matrix exhibited rheological and
in vitro adhesive properties that were adequate for the application on the gingiva and into the
gingival sulcus. Evaluation of the gel viscosity was performed using a Brookfield DVIII Ultra
viscometer. Assessment of the in vitro muco-adhesive properties was performed by the
mucosal detachment method, using an experimental device [13].
Experimental design
The experiment was performed on twenty five adult male Wistar-Bratislava albino rats,
weighing between 200 and 250 g that were bred in the Animal Facility of “Iuliu Hatieganu”
University of Medicine and Pharmacy. The rats were kept in a room with controlled temperature
(21±1ºC) and humidity (50-55%) and a 12h light-12h dark cycle. Animals were fed with standard
pellet (Cantacuzino Institute, Bucharest, Romania) basal diet and water ad libitum.
Periodontitis was induced in rats by placing a silk ligature around the inferior incisors.
The rats were anesthetized by intramuscular injection of 50 mg/kg body weight (b.w.)
ketamine and 20 mg/kg b.w. xylazine. Silk threads were tied around the inferior incisors and
were fixed by suture to the gingiva. Ligatures were maintained in place for fourteen days and
the progression of the periodontal inflammation was monitored daily, and whenever the
ligature was lost, it was immediately replaced.
Romanian Biotechnological Letters, Vol. 20, No. 4, 2015

10709

ADINA BIANCA BOȘCA, ELENA DINTE, HORAȚIU COLOSI, ARANKA ILEA,
RADU-SEPTIMIU CÂMPIAN, ANA UIFĂLEAN, ALINA ELENA PÂRVU

After periodontitis induction, the ligatures were removed and then the rats were randomly
assigned to five groups (comprising five animals each), according to the treatment they
received: 1. periodontitis group (PER) – no treatment; 2. OC - PER and curcumin
administered orally; 3. OCP - PER plus curcumin and piperine administered orally; 4.
OCPLC - PER plus curcumin and Piperine administered orally, associated with curcumin
administered locally; 5. LC – PER plus curcumin administered locally. Curcumin and
piperine were administered daily, by intragastric gavage in doses of 1g curcumin/kg b.w. and
5mg piperine/kg b.w. The solutions for the general administration were prepared using sun
flower seeds oil as a vehicle. Curcumin was also administered locally; the muco-adhesive gel
(0.1ml) was applied daily on the gingiva.
After completing the ten days treatment, blood samples were harvested for serum nitrooxidative stress tests.
The experimental protocol was approved by the Institutional Animal Ethical Committee
of the “Iuliu Hatieganu” University of Medicine and Pharmacy, Cluj-Napoca (approval No.
107/06.03.2015).
Oxidative stress evaluation
Serum samples were filtered through 10-kDd filters (Sartorius AG, Goettingen, Germany)
and contaminant proteins were extracted with a 3:1 (v:v) solution of methanol/diethyl ether.
NO synthesis (NOx) was indirectly determined using the Griess reaction. Nitrate was
reduced to nitrite by combining 100 μL of filtered and extracted serum supernatant with 100
μL of 8 mg/mL VCl3; then, the Griess reagents were added, 50 μL of SULF (2%) and 50 μL
of NEDD (0.1%). The sample was incubated 30 minutes at 37°C and the absorbance was read
at 540 nm. Serum NOx concentration (expressed as nitrite μmol/L) was determined using a
sodium nitrite-based curve [14].
The serum total oxidative status (TOS) was measured using a colorimetric assay that
measured the oxidation of ferrous ion to ferric ion in the presence of various reactive oxygen
species in an acidic medium [15]. Then, ferric ions were detected by reaction with xylenol
orange. Assay measurements were standardized with hydrogen peroxide (H2O2) used as the
oxidative species, and the results are expressed in μmol H2O2 Equiv./L.
The serum total antioxidant capacity (TAC) was measured using a colorimetric assay that
monitored the rate of hydroxyl radical production by the Fenton reaction the changes in the
absorbance of coloured dianisidyl radicals [16]. Upon addition of a serum sample, the
antioxidant present in the serum suppressed the oxidative reactions initiated by hydroxyl
radicals. Inhibition of dianisidyl oxidation prevented the subsequent colour change, thus
measuring the serum TAC. This assay was calibrated using trolox and results were expressed
as mmol trolox Equiv/L.
The oxidative stress index (OSI) was calculated as the ratio of the TOS to the TAC: OSI
(Arbitrary Unit) = TOS (µmol H2O2 Equiv/L) / TAC (mmol trolox Equiv/L) [17].
The spectroscopic measurements were performed using a Jasco V-530 UV-Vis
spectrophotometer (Jasco International Co., Ltd., Tokyo, Japan).
Statistical methods
All results were expressed as mean ± standard deviation (SD). Normal distribution was
assessed using Shapiro-Wilk test. Statistical comparisons between the groups were made
using one-way ANOVA, followed by Tukey's post hoc test. A p-values < 0.05 were regarded
as statistically significant. Pearson’s and Spearman’s correlation tests were performed in order
to evaluate statistical correlation. Data was analyzed using R 3.0.2 - software environment for
statistical computing and graphics.
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Results
We assessed the serum levels of NOx, TOS, TAC and OSI after the treatment (Table 1)
and we compared the PER group with the other groups, and we also compared the groups
treated with curcumin.
Table 1. Effects of Curcumin on nitro-oxidative stress parameters
Parameter
PER
OC
OCP
OCPLC
LC
NOx
111.64±10.463
76.677±6.374
88.223±15.773
78.474±12.71
99.24 ±13.073
(µmol/L)
TOS
43.825±7.682
20.983±4.588
27.919±10.372
35.376±4.301
32.299±3.1
(µmol Equiv
H2O2/L)
TAC
1.089±0.001
1.092±0.001
1.09±0.003
1.091±0.001
1.09±0.001
(mmol Equiv
TROLOX/L)
0.402±0.07
0.192±0.041
0.255±0.094
0.324±0.039
0.296±0.028
OSI
Values were expressed as mean ± standard deviation. NOx = total nitrites and nitrates; TOS = total oxidative
status; TAC = total antioxidant capacity; OSI = oxidative stress index; PER = periodontitis group; OC =
curcumin administrated orally; OCP = curcumin and piperine administrated orally; OCPLC = curcumin and
piperine administrated orally associated with curcumin locally; LC = curcumin locally; values are expressed as
mean ± SD of five determinations.

NOx serum levels were significantly lower in the curcumin-treated groups, OC (p<0.01),
OCP (p<0.001) and OCPLC group (p<0.001), compared with PER group. Moreover, there
was no significant difference between PER group and LC group (p>0.05), and between
groups treated with curcumin (p>0.05) (Figure 1).

Figure 1. NOx comparison between the groups. NOx = total nitrites and nitrates

TOS serum levels were significantly lower in rats that received oral curcumin alone - the
OC group (p<0.001), and oral curcumin associated with piperine - OCP group (p<0.01)
compared with PER group. Furthermore, TOS was significantly higher in rats treated with
oral curcumin associated with oral piperine and local curcumin compared with oral curcumin
alone (p<0.05) (Figure 2).
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Figure 2. TOS comparison between the groups. TOS = total oxidative status

TAC serum levels were significantly higher in rats treated with oral curcumin compared
with PER group (p<0.01) and the LC group (p<0.05) (Figure 3).

Figure 3. TAC comparison between the groups. TAC = total antioxidant capacity

OSI was significantly lower in rats treated with oral curcumin alone (p<0.001) and oral
curcumin associated with piperine (p<0.01) compared with PER group. Additionally, OSI
was significantly higher in rats that received oral curcumin with piperine and local curcumin
compared with rats treated with curcumin alone (p<0.05) (Figure 4).

Figure 4. OSI comparison between the groups. OSI = oxidative stress index

In PER group, OSI was highly correlated with TOS (r = 0.99) and TAC (r = 0.80), TOS
was correlated with TAC (r = 0.81) and NOx was negatively correlated with OSI (r = – 0.78),
TOS (r = – 0.79) and TAC (r = – 0.83).
In OC group, OSI was highly correlated with TOS (r = 0.99), and was less correlated
with TAC (r = 0.53) and TOS (r = 0.53).
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In OCP group, there was a high correlation of OSI with TOS (r = 0.99), NOx (r = 0.70)
and TAC (r = 0.81). Additionally, NOx was correlated with TOS (r = 0.69).
In OCPLC group, OSI was correlated with TOS (r = 0.99) and TAC (r = 0.60).
Moreover, TOS was correlated with TAC (r = 0.60).
In LC group, OSI was correlated with TOS (r = 0.99) and was negatively correlated with
NOx (r = – 0.69).

Discussions
Our study was the first to assess nitro-oxidative stress parameters as indicators of the
therapeutic value of curcumin in experimental rat ligature-induced periodontitis.
During the experiment, curcumin did not affect animals’ behaviour compared with the PER
group, did not have adverse effects and no animal died. These results were in agreement with
other studies using doses ranging from 30 mg or 100 mg/kg b.w. [12,18] up to 500 mg
curcumin/kg b.w. by gavage [19] for the treatment of periodontitis experimentally induced in
rats [20,21]. Orally administered curcumin has a low bioavailability due to the very low
gastrointestinal absorption, intense metabolism and increased elimination [22, 23]. Initial
findings of Wahlstrom and Blennow, who studied the administration, systemic distribution and
excretion of curcumin in rats, suggested that one of the reasons for the low bioavailability of
oral curcumin was the high percentage (75%) of curcumin eliminated by feces, while urine
concentration was negligible [24]. Taking into consideration the data provided by numerous
experimental studies focusing on curcumin metabolic biotransformation [19, 25, 26], we
administered a higher dose of curcumin. However, Huang et al., Ireson et al., Shoba et al.
suggested that the poor absorption is partially caused by the hydrophobic status of curcumin
molecule [27, 28, 29]. In other experiments, either corn oil was used as a vehicle [12], or more
complex formulations were tested as an attempt to obtain the suitable viscosity and stability of
curcumin suspension. Sharma et al. used a mixture of glycerol formol: cremophore: water
(5:2:2), in which curcumin was suspended and partially dissolved [19]. In order to overcome
this shortcoming, we used sun flower oil vehicle for the oral administration of curcumin.
Periodontitis is a chronic inflammatory process associated with local and systemic nitrooxidative stress. Local nitro-oxidative stress is one of the mechanisms responsible for the
periodontal destructions and bone resorption that might lead to teeth loss. Systemically, nitrooxidative stress may affect other tissues and organs, afar from the periodontal inflammatory
site [30]. Therefore, over the last years, the term “periodontal disease” is used in order to
suggest the bi-directional relationship between periodontitis and disorders such as rheumatoid
arthritis, chronic kidney dysfunction, ischemic heart disease, premature births and other [31].
Nitro-oxidative stress is induced by an excessive production of reactive oxygen species
(ROS) [32], associated with increased synthesis of NO by the inducible nitric oxide synthase
(iNOS) [33]. The increased production of reactive species might be associated with a decrease
in antioxidant capacity. This is why the nitro-oxidative stress should be evaluated by
measuring ROS, NO, and antioxidant capacity [34].
In the present study, in order to evaluate curcumin therapeutic effects in experimental
ligature-induced periodontitis in rats, we employed global tests. NO synthesis was measured
indirectly by the quantification of serum nitrites and nitrates [35], ROS were measured by the
assessment of TOS, and antioxidant capacity was assessed by TAC [13-16,34,36]. Since the
final result depends on the proportion between ROS and the anti-oxidant mechanisms,
determination of OSI was necessary [16].
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Serum levels of NOx, TOS, TAC and OSI are considered to be markers of the nitrooxidative stress [37,38] and may be used to evaluate the antioxidant effect of curcumin,
according to the dose or the route of administration [39]. Our results indicated that oral
curcumin in doses of 1g/kg b.w. was effective in improving the nitro-oxidative stress
parameters. Curcumin used as a single therapeutic agent exhibited a significant antioxidant
effect by reducing NOx, TOS and OSI and by increasing TAC compared with the PER group.
Nitro-oxidative stress reduction must be appropriate, because an excessive decrease
might cause a deficient immune response. This might be the consequence of the inhibition of
ROS and NO formation, or the result of high doses of anti-oxidants [31]. Thus, the decrease
in OSI without normalization is a positive result of the curcumin therapy.
Recent studies have demonstrated that diets rich in fruit and vegetables exert protective
properties against numerous diseases not only by the effect of individual antioxidants (such as
pro-vitamin A, vitamin C and E), but also by the presence of low-molecular antioxidants
(such as polyphenols and anthocyanins) [33].
On the other hand, a large body of evidence demonstrated that after oral administration,
curcumin undergoes extensive conjugation and reduction in the liver and gastrointestinal tract
[28] and the resulting metabolites exert no pharmacological activity. [40]. Sharma et al.
identified several such chemical species, including curcumin glucuronide, curcumin sulfate,
hexahydrocurcumin, tetrahydrocurcumin, and dihydrocurcumin, which were found in
intestinal and hepatic microsomes, and cytosol, respectively [28,41,42]. Therefore, one of the
major challenges of latest experimental studies was to increase curcumin absorption and
systemic bioavailability. Various curcumin-drug vehicle combinations, curcumin derivatives,
and curcumin analogues were explored [23]. Shoba et al. showed that the association of
various adjuvants such as piperine increased the serum concentration, extent of absorption
and bioavailability of oral curcumin in rats due to the inhibitory effect of piperine on
curcumin glucuronidation [29].
In our study, the combination of curcumin and piperine significantly reduced NOx, TOS
and OSI compared with PER group, but failed to significantly increase TAC. Moreover, there
was no significant difference between rats treated with curcumin alone and rats treated with
curcumin combined with piperine. Therefore, we concluded that curcumin associated with
piperine exerted no higher benefit in reducing the nitro-oxidative stress.
These results were not consistent with other studies. A possible limitation of our study
was that the dose of piperine was too low to exert a significant pharmacological effect. Shoba
et al. reported a significant increase in curcumin serum levels (154%) by using comparable
curcumin doses (2g/kg b.w.), but higher piperine doses (20mg/kg b.w.) [29].
The correlations between the parameters revealed that in PER group, the increased nitrooxidative stress is the result of excessive ROS and NO synthesis, associated with a deficiency
in TAC. Oral curcumin induced a correlated decrease in OSI and TOS. Curcumin associated
with piperine significantly improved OSI correlation with TOS, NO and TAC. This result
suggested that piperine association to curcumine is recommended even if there were no
significant differences between NOx, TOS and OSI of OC and OCP groups.
For the local delivery, we used curcumin included in a muco-adhesive gel that was
adherent to the oral mucosa and maintained for a prolonged period, thus enabling an increased
release of active ingredients into the gingival tissues. Other experimental studies focusing on
locally delivered curcumin assessed the therapeutic efficiency by clinical parameters.
Hosadurga et al. used a 2% curcumin gel and reported a reduction of the gingival index and
probing pocket depth, but no effect on the alveolar bone loss [43]. Our local curcumin
treatment had no important inhibitory effect on the nitro-oxidative stress parameters
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compared with the PER group. In OCPLC, association of local treatment did not improve
nitro-oxidatve stress tests correlation. Furthermore, we associated the local delivery with the
oral administration of curcumin and piperine. That combined therapy did not improve OCP
effects. These findings indicated that the limitations of this formulation may reside in the low
amount of curcuma powder incorporated in the muco-adhesive gel, the hydrophobic
properties of curcumin and the viscosity of the gel matrix.
Further research is needed in order to assess the systemic effect of higher oral doses of
curcumin and piperine. Efficiency of local delivery could be improved by using formulations
with higher curcumin content, multiple daily applications and prolonged treatment interval.

Conclusions
Orally administrated curcumin, either alone or associated with piperine significantly
reduced the systemic nitro-oxidative stress in rat experimentally induced periodontitis.
Curcumin alone had a better antioxidant effect than the combined therapy, curcumin and
piperine. Local curcumin treatment did not influence the serum nitro-oxidative stress
parameters and showed no supplementary antioxidant effect when added to oral curcumin.
Abbreviations: DPPH - 1,1-diphenyl-2-picrylhydrazyl; NEDD - N-(1-Naphthyl)
ethylenediamine dihydrochloride; NOx - total nitrites and nitrates; OSI - oxidative stress
index; ROS - reactive oxygen species; SULF - diethyl ether sulphanilamide; TAC - total
antioxidant capacity; TOS - total oxidative status.
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Abstract

Giant cell granulomas in the oral cavity are reactive hyperplastic lesions that arise either peripherally in the mucoperiosteum or centrally in
the bone. The peripheral giant cell granuloma (PGCG) is a benign lesion induced by local chronic irritation. It may develop at any age, and
tends to be more frequent in females. Central giant cell granuloma (CGCG) is a reactive lesion of unknown etiology. It commonly occurs in
children and young adults. It is also predominant in females and frequently located in the anterior part of the mandible. Histologically, PGCG
and CGCG have similar features. The lesions are non-encapsulated proliferations of oval and spindle-shaped mononuclear cells (MCs) and
multiple multinucleated giant cells (MGCs) in a vascular supporting stromal tissue, associated with foci of hemorrhage. Despite the similar
microscopic features, PGCG and CGCG have different clinical behavior. PGCG is usually reduced in size and asymptomatic. It grows locally,
as an exophytic lesion on the alveolar mucosa, but may become slightly infiltrative in the underlying periosteum and bone. After complete
excision and curettage, it has a low recurrence rate. Contrarily, CGCG has an aggressive behavior, with rapid growth and intense osteolytic
activity causing perforation of the cortical plate, teeth malposition and pain. Moreover, it is characterized by a high recurrence rate. This
review focuses on the origin and activating pathways of MCs and MGCs, discusses the mechanisms underlying their biological activity,
tries to explain the variable clinical behavior and proposes therapeutic approaches for the granulomas associated with the jaw bones.
Keywords: oral cavity granulomas, multinucleated giant cells, pathogenesis, diagnosis, therapy.

Introduction
The giant cell granulomas are reactive hyperplastic
lesions associated with various tissues in the oral cavity.
Two entities have been described, according to the location,
etiology and clinical evolution [1–3].
Peripheral giant cell granuloma (PGCG) occurs as
an abnormal proliferation of the soft tissues in response
to the local aggressions and is located on the gingiva,
alveolar mucosa, mucoperiosteum or periodontal ligament.
PGCG are commonly associated with the teeth and are
caused by chronic mechanical irritation or low intensity
repetitive trauma due to food impact, defective dental
restorations, occlusal trauma and may be enhanced by the
presence of dental plaque and calculus on the retentive
dental or prosthetic surfaces [1–3]. Other causes could
be the traumatic tooth extractions and the associated
inflammatory reactions [1, 4]. On the edentulous alveolar
crest, the oral mucosa can proliferate to form granulomatous lesions due to unstable prosthetic pieces [3].
Central giant cell granulomas (CGCG) develop inside
the jaw bones as a reaction to unknown factors [5]; however,
in some cases, the formation of the CGCG was associated
ISSN (print) 1220–0522

with dental implants and reparative processes after intraosseous inflammations or hemorrhages. A genetic predisposition has also been hypothesized [4, 6].
PGCG can occur at any age, and it is more frequent
in females. It develops slowly and asymptomatically as
a sessile lesion on the oral mucosa. Occasionally, it can
grow deeper into the mucosa to infiltrate the periosteum
and to cause the “cupping” or a superficial depression
by the erosion of the underlying bone [4, 7]. CGCG is
more frequent in children and adults younger than 30
years and predominantly affects females. Frequently,
it develops in the anterior region of the mandible [8].
The clinical evolution of the CGCG is aggressive,
characterized by significant growth and increased osteolysis, leading to complications such as destruction of the
cortical plates and malposition and migration of the teeth,
which are accompanied by intense pain. The clinical
behavior of the CGCG led to the hypothesis that it could
be a neoplasm instead of a reactive lesion [8, 9].
Even though PGCG and CGCG have different etiology
and evolution, these two lesions exhibit similar histological
features [4, 10–12].
ISSN (online) 2066–8279
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Clinical aspects of the PGCG
Clinically, PGCGs occur as exophytic lesions localized
on the oral mucosa, and their presence is usually associated
with inappropriate oral hygiene and multiple carious lesions
[1–3]. At the intra-oral examination, the lesions appear as
sessile masses with a large base or pedunculated (Figure 1),
localized on the oral mucosa in zones subjected to occlusal
trauma (Figure 1A) or on the alveolar crest and associated
with remaining roots or carious cavities with retentive food
debris and bacterial plaque (Figure 1C). The lesions may
have a smooth or an irregular surface, due to the impressions
of the antagonist teeth (Figure 1, A and C).
The consistency can be soft or firm, and the color ranges
from pale pink to red or purple in the zones where the
contact with the opposing teeth during occlusion occurs
(Figure 1, A and C). Radiographically, the interdental
septum adjacent to the PGCG can show more intense
radiolucency with a normal aspect of the trabecular bone
(Figure 1B); or the radiolucency can be seen in the alveolar
bone adjacent to the remaining roots, with enlargement
of the periodontal space (Figure 1D).

Figure 1 – Clinical and radiological aspects of the
PGCGs: (A) PGCG located on the hard palate, with
smooth surface and pink-red color; (B) Retroalveolar
radiography: the radiolucency of the interdental septum
between teeth 11 and 21; (C) PGCG associated with
the remaining roots of tooth 46, with irregular surface
and pink-purple color; (D) Detail of the panoramic
radiograph: increased radiolucency of the alveolar
crest and the periodontal space (authors collection).
PGCG: Peripheral giant cell granuloma.

Histological features in PGCG
The PGCGs are well-delimited, non-encapsulated
masses consisting of numerous mononuclear cells and
scattered multinucleated giant cells (MGCs) in a connective
tissue stroma, with a rich vascularization (Figure 2A) [1,
4]. At the periphery, the blood capillaries are associated
with foci of hemorrhage, extravasated red blood cells
and hemosiderin deposits (Figure 2B). On the surface, the
epithelium can show zones of dyskeratosis and ulcerations;
the zones where the epithelium is ulcerated are covered
by fibrinoid necrotic debris, and a rich chronic inflam-

matory infiltrate is present in the profound areas (Figure 2,
C and D) [1, 5, 6].
The mononuclear cells (MCs) form a heterogeneous
cell population, and morphologically, they can be ovoid or
spindle-shaped, with oval euchromatic nuclei, resembling
mesenchymal cells or young fibroblasts. MCs are closely
related to the multinucleated cells (Figure 3A) [1, 2].
The MGCs are unevenly distributed in the stromal
tissue, among the MCs and inflammatory cells; sometimes,
MGCs can be associated with the blood vessels (Figure 3B).
MGCs exhibit various morphologies in terms of size,
amount and color of the cytoplasm, number and aspect
of the nuclei (Figure 3C). Two main types of MGCs are
observed; some MGCs are large, irregularly shaped, with
abundant acidophilic cytoplasm and multiple euchromatic
nuclei scattered in the entire cytoplasm; smaller MGCs are
ovoid, with a dark cytoplasm and fewer heterochromatic
nuclei, condensed in the center (Figure 3D) [1, 2, 5, 6].
MGCs origin and activating pathways
Numerous studies focused on the microscopic features
and histogenesis of oral cavity granulomas. However,
MGCs origin and activating pathways are still unclear
[11]. Based on the morphological features, it is clear that
MGCs are formed by the cytoplasmic fusion of mononuclear precursors. Moreover, the lack of proliferative
capacity in MGCs sustains the transition from a mononuclear cell to a multinuclear cell [13].
However, the question that arises is: what cells are
the precursors of the MGCs? Theoretically, two possible
origins of the MGCs in the peripheral and central
granulomas have been proposed: the macrophages/
histiocytes or osteoclasts and the stromal MCs.
Based on ultrastructural and immunohistochemical
(IHC) findings, several studies sustain both macrophagic/
histiocytic and osteoclastic origins for the MGCs. However,
these hypotheses are controversial, since MGCs do not
have a role in phagocytosis or in bone resorption [1, 14].
Other studies demonstrated that MGCs originate from
a subgroup of osteoclast precursors included in the
histiocyte/macrophage-like MCs in the stromal tissue [4,
9, 15]. This hypothesis is sustained by evidence showing
that functionally, the MCs in the granulomas encompass
two groups: the macrophage-like cells, with monocytic
origin, which are the precursors for MGCs, and the
proliferating spindle-shaped cells, with mesenchymal
origin, which are capable to differentiate into the fibroblast/
osteoblast lineage, with different roles [16].
Numerous studies showed that some stromal MCs
and the MGCs belong to the same lineage, based on the
IHC similarities between these two types of cells [13]
(Figure 4).
Macrophages are ubiquitary present in the tissues
and are implicated in multiple processes: phagocytosis,
activation of immune response, and release of cytokines
that play important roles in angiogenesis and inflammation,
including vascular endothelial growth factor (VEGF),
basic fibroblast growth factor (bFGF), transforming growth
factor-beta (TGF-β) and tumor necrosis factor-alpha
(TNF-α) [17]. In order to identify the macrophages in light
microscopy, the IHC methods that reveal the specific
markers are recommended [18].
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Figure 2 – Photomicrograph of the PGCG: (A) The lesion is well delimited and non-encapsulated; (B) Blood vessels
associated with hemorrhage and extravasated erythrocytes; (C and D) Superficial ulceration (arrow) and chronic inflammatory
infiltrate (asterisk); Goldner’s trichrome staining (authors collection). PGCG: Peripheral giant cell granuloma.

Figure 3 – Photomicrograph of the MCs and MGCs in the PGCG: (A) Oval and spindle-shaped MCs in the connective
tissue stroma (arrows); (B) MGCs unevenly distributed in the lesion (asterisk); (C) Closely related MCs and heterogeneous
MGCs; (D) The two types of MGCs: large, with abundant cytoplasm and euchromatic nuclei (arrowheads); small,
condensed cells, with deep acidophilic cytoplasm and heterochromatic nuclei (arrows); Goldner’s trichrome staining
(authors collection). MCs: Mononuclear cells; MGCs: Multinucleated giant cells; PGCG: Peripheral giant cell granuloma.
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Figure 4 – Origin of MGCs: the fibroblast/osteoblast and the macrophage/histiocyte stromal MCs induce the recruitment
of the osteoclast precursors and induce their differentiation and fusion to form the osteoclasts and the MGCs. The shared
markers expressed by the macrophage/histiocyte MCs, osteoclast precursors and the MGCs suggest the common progenitor
(original diagram). bFGF: Basic fibroblast growth factor; CD: Cluster of differentiation; IL: Interleukin; M-CSF:
Macrophage colony-stimulating factor; MCs: Mononuclear cells; MGCs: Multinucleated giant cells; MMP-9: Matrix
metalloproteinase-9; RANK: Receptor activator of nuclear factor kappa-Β; RANKL: RANK ligand; OPG: Osteoprotegerin;
OPN: Osteopontin; TNF-α: Tumor necrosis factor-alpha; TRAP: Tartrate-resistant acid phosphatase; VEGF: Vascular
endothelial growth factor; VNR: Vitronectin receptor αvβ3.

In both peripheral and central granulomas, MGCs
and a fraction of MCs express CD68, a marker of cells
in the monocyte lineage, including histiocytes, tissue
macrophages and osteoclasts. CD68 is a transmembrane
glycoprotein, but it is also associated with the lysosomal
and endosomal membrane. Functionally, CD68 protein
binds to the lectins and selectins in the tissues and organs
and enables macrophages to home in on particular targets
[3, 19]. Therefore, the CD68-positive stromal MCs could
be macrophage-like cells [2].
Moreover, the macrophage-like MCs in the stroma
and MGCs showed immunopositivity for mononuclearphagocyte system markers, such as non-specific esterase,
acid phosphatase, lysozyme, α1-antitrypsin and α1-antichymotrypsin and muramidase [2].
Only a fraction of MCs express osteoclast markers,
such as: vitronectin receptor αvβ3 (VNR), tartrate-resistant
acid phosphatase (TRAP), vacuolar-type H+-adenosine-

triphosphatase (V-ATPase), amino-peptidase, carbonic
anhydrase II (CA II), cathepsin K, matrix metalloproteinase-9 (MMP-9), proliferating cell nuclear antigen
(PCNA), osteopontin (OPN) and calcitonin [5, 20]. These
MCs are osteoclast-like cells and could be the progenitors
for MGCs, since they are capable to fuse under the
influence of specific inducting factors. Moreover, the
expression of the same markers on MGCs suggests their
osteoclastic origin [2, 3, 9, 20].
VNR is an integrin that enables the osteoclast to
adhere to the bone surface, and to subsequently undergo
differentiation and polarization to initiate the resorption
of the bone matrix [21]. Cathepsin K, TRAP and MMP-9
are bone-degrading enzymes released by osteoclasts, which
induce the resorption of the bone matrix, after the demineralization [22]. TRAP is synthesized as an inactive
proenzyme, which is activated by proteolytic cleavage
performed by the proteinases such as cathepsins. Active
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TRAP degrades the bone matrix by OPN dephosphorylation
and reactive oxygen species (ROS) generation [3, 20, 23].
Papanicolau et al. reported that MGCs in both PGCG
and CGCG were immunopositive for TNF-α, interleukin-6
(IL-6) and interleukin-1β (IL-1β), which can be related to
giant cells differentiation from osteoclasts. These osteoclastogenic cytokines seem to play a role in the formation
of MGCs and the initiation of bone resorption [4].
Since they have both macrophagic/histiocytic and
osteoclastic features, MGCs cannot be precisely divided
along these two lines.
The other component of the MCs population is
represented by spindle-shaped proliferating cells, which
are capable to differentiate into fibroblast/osteoblastlike cells. The fibroblast/osteoblast-like cells induce the
differentiation of monocyte/macrophages into osteoclast-
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like MCs, since they express the receptor activator of nuclear
factor (NF)-κB ligand (RANKL), which is responsible for
the activation and survival of osteoclasts [4, 9, 15, 24].
Liu et al. also reported that RANKL was mainly expressed
in spindle-shaped MCs and in some round MCs, whereas
osteoprotegerin (OPG) was expressed in both MGCs
and MCs. The similar characteristics and mechanisms
underlying the formation of MGCs suggest common
pathogenic pathways in the development of PGCG and
CGCG [20].
Factors that control the differentiation, activation and
function of osteoclasts, including macrophage colonystimulating factor (M-CSF), receptor activator of NF-κB
(RANK), RANKL and OPG could play important roles
in the development of MGCs from MCs in both PGCG
and CGCG (Figure 5) [20, 21].

Figure 5 – The activation pathways of the osteoclast precursors; the interaction RANK/RANKL induces the activation
of NF-κB, c-fos and the related factors, leading to the differentiation, fusion, activation and polarization of the osteoclast
precursors. The OPG and the LGR4 competitively bind RANKL and thus inhibit the RANKL/RANKL signaling (original
diagram). ATP6V0d2: Adenosine-triphosphatase (ATPase), H+ transporting, lysosomal 38 kDa, V0 subunit d2; c-fms:
Colony-stimulating factor-1 receptor; c-Src: Proto-oncogene tyrosine-protein kinase Src; Dap12: DNAX-activating
protein of 12 kDa; DC-STAMP: Dendritic cell-specific transmembrane protein; DNAX: DNA polymerase III (gamma
and tau subunits); FcRγ: Fc receptor common gamma chain; Gαq: Alpha subunit of a heterotrimeric guanosine-5’triphosphate (GTP)-binding protein; GSK3-β: Glycogen synthase kinase 3-beta; ITAM: Immunoreceptor tyrosine-based
activation motif; LDLR: Low-density lipoprotein receptor; LGR4: Leucine-rich repeat-containing G-protein-coupled
receptor 4; M-CSF: Macrophage colony-stimulating factor; NFATc1: Nuclear factor of activated T-cells, cytoplasmic 1;
NF-κB: Nuclear factor kappa-Β; OPG: Osteoprotegerin; RANK: Receptor activator of NF-κB; RANKL: RANK ligand;
Syk: Spleen tyrosine kinase; Tal 1: T-cell acute lymphocytic leukemia protein 1; TRAF6: Tumor necrosis factor receptor
(TNFR)-associated factor 6; VNR: Vitronectin receptor αvβ3.

M-CSF interacts with c-fms receptor found on the
surface of monocyte-macrophage precursors and regulates
the number of osteoclasts. M-CSF activates RANKL and
is also implicated in the organization of the osteoclast
cytoskeleton. Immunopositivity for M-CSF strongly
suggests that MGCs derive from the differentiation and
cytoplasmic fusion of multiple MCs [13].

RANKL, a transmembrane molecule produced by the
fibroblast/osteoblast cells binds to the RANK expressed
on the surface of stromal monocyte-derived macrophagelike cells and induces the differentiation of cells [9].
Osteoclast-like MCs subsequently fuse to form MGCs,
under the influence of RANKL, c-fos and related factors
[14, 25]. C-fos is a member of transcriptional activating
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protein complex 1 and induces the differentiation of osteoclasts and macrophages from a common progenitor [16].
The interplay between RANK expressed by MGCs
and RANKL and OPG expressed by stromal MCs is
crucial for promoting the differentiation and activation
of osteoclasts, and the subsequent osteolysis [24].
RANKL binds to RANK on the osteoclast precursors
and leads to the expression of the mitogen-activated
protein kinases, and activates NF-κB via tumor necrosis
factor receptor (TNFR)-associated factor 6 (TRAF6).
RANKL induces the expression c-fos in osteoclast precursors and subsequently activates positive regulators,
an essential mechanism for osteoclast formation [16].
However, Luo et al. demonstrated that leucine-rich
repeat-containing G-protein-coupled receptor 4 (LGR4),
a competitive receptor for binding RANKL, could have
an opposing effect, by suppressing the osteoclast formation
[26]. The interaction between RANKL and LGR4
circumvents the RANK signaling, but instead leads to the
activation of Gαq and glycogen synthase kinase 3-beta
(GSK3-β) pathway, and subsequently blocks the expression
of nuclear factor of activated T-cells, cytoplasmic,
calcineurin-dependent 1 (NFATc1), the master regulator
of osteoclastogensis and transcriptionally activated by
c-fos and NF-κB. Therefore, LGR4 has been considered
as a key element of the negative-feedback mechanism that
limits the osteoclast formation and function in vivo [26].
OPG is a decoy receptor for RANKL secreted by
stromal MCs and osteoclasts. OPG binds to RANKL and
blocks the interaction RANKL–RANK, thus inhibiting
osteoclastogenesis [24].
The adhesion of osteoclasts to the substrate is intermediated by integrins, such as VNR; the contact between
the osteoclast and the bone matrix further stimulates the
differentiation and the polarization of the osteoclasts, with
the reorganization of the cytoskeleton [21].
Two non-receptor tyrosine kinases, c-Src and Syk, are
major NF-κB regulators and play a role in the activation
of phagocyte cells, rearrangement of cytoskeleton and
bone matrix resorption performed by osteoclast-like cells
[22, 27, 28].
The Src protein, activated downstream from RANK/
TRAF6 pathway, controls the osteoclast activation and
survival and promotes the actin rearrangement and the
osteoclast motility [29]. The c-Src regulates the organization of the osteoclasts cytoskeleton, by forming a
signaling complex with tyrosine kinase Syk and the
activated integrin αvβ3. The c-Src induces the Syk phosphorylation under the influence of integrin αvβ3 only
in the presence of the immunoreceptor tyrosine-based
activation motif (ITAM) proteins Dap12 and FcRγ [30].
The Syk–c-Src complex promotes the formation of the
sealing zone, enables the adherence of the osteoclast to
the substrate and initiates the bone resorptive activity
[28]. The formation of integrin αvβ3–c-Src complexes
is essential for cytoskeleton organization in activated
osteoclasts [28, 31].
Mechanisms underlying the
MGCs biological activity
Even though the MGCs are the characteristic feature
of the granulomas associated with the oral cavity, their

implication in the pathogenic mechanisms of the lesions
are not fully understood [11].
More and more evidence suggests that MGCs might
not be the main functional cells, but they are reactive
elements of the lesions. MGCs seem to be the secondary
cells in the granulomas, formed by the fusion of the
monocyte/macrophage MCs differentiated into osteoclasts
precursors (osteoclast-like cells) under the influence of
cytokines [4, 20]. Instead, stromal MCs in the granulomas
are the lesional cells [9, 32]. On one hand, MCs compose
the proliferative compartment of the granulomas and by
their differentiation give rise to the MGCs; on the other
hand, MCs are responsible for the biological activity of
the lesions [9].
Itonaga et al. demonstrated that the main proliferative
activity occurred in the MCs population, based on the
expression of Ki-67 cell cycle protein; contrarily, MGCs
did not express Ki-67 and showed no proliferating capacity.
Therefore, the granulomas growth could be the consequence of a deregulation in MCs proliferation [9].
Souza et al. reported the expression of murine double
minute 2 (MDM2), PCNA and argyrophilic nucleolar
organizer region (AgNOR) in both PGCG and CGCG;
contrarily, p53 expression was absent [10]. Nucleolar
organizer regions (NORs) are loops of deoxyribonucleic
acid (DNA) that are actively transcribed for ribosomal
ribonucleic acid (RNA), then to ribosomes and finally to
proteins. The NORs can be identified by a silver staining
technique, AgNOR, which can be used for assessing the
proliferative potential of various neoplastic and nonneoplastic lesions. PCNA and Ki-67 are both expressed
during cell division, but in different phases of the cell
cycle: PCNA is increased in the G1 and S phases, whereas
Ki-67 is expressed in the active phases. The p53 gene
is a tumor suppressor, which arrests the cell cycle and
promotes apoptosis in mammalian cells; p53 inactivation
was seen in numerous tumors. MDM2 is a proto-oncogene
of which transcription is induced by the wild-type p53;
the product of MDM2 gene binds to p53 protein and
inhibits the regulatory function of p53 [20].
The mechanisms essentially implicated in the pathogenesis of the PGCG and CGCG could explain the
similarities regarding the development and progression
of these lesions [4, 33].
Development and function of osteoclasts are directly
and indirectly promoted or inhibited by several osteotropic
hormones. Calcitonin and steroids influence mainly the
MGCs, but not the stromal proliferating cells. Prostaglandins (PGs), parathyroid hormone (PTH) and the
parathyroid hormone-related protein (PTHrP) promote
the bone resorption [34–36].
Additionally, osteoclastogenesis is locally controlled by
several cytokines produced by the stromal MCs (Figure 6).
Papanicolau et al. reported that spindle-shaped fibroblast/
osteoblast MCs expressed TNF-α, IL-6 and IL-1β; these
proinflammatory cytokines synergistically induce osteoclastogenesis and contribute to the bone resorption [4].
Cytokines including VEGF, bFGF, TNF-α, TGF-β,
IL-1, IL-6, and IL-11 are released by the macrophagelike stromal MCs and play an important role in the
recruitment, differentiation and activation of the osteoclasts [2, 34]. The bFGF and VEGF are growth factors
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with important roles in angiogenesis by promoting the
proliferation and migration of endothelial cells. The
bFGF is mainly found in macrophages, but also in other
cell types, such as: monocytes, mast cells and endothelial
cells. VEGF is found in the cytoplasm of macrophages
and fibroblasts [37]. Angiogenesis enables the afflux of
circulating monocytes, which are further recruited and
stimulated to differentiate into osteoclast precursors,
which fuse and form MGCs under the influence of
cytokines secreted locally, by the stromal cells: monocyte
chemoattractant protein-1 (MCP-1) and TGF-β [37–41].
The expression of VEGF is upregulated by inflammatory
cytokines, such as IL-1 and TNF-α [42].
Proteolytic enzymes secreted by osteoclasts, such as
MMP-9 and cathepsins, are implicated in bone resorption
and remodeling [37, 43]. MMP-9 exerts lytic activity on
the organic component of the bone matrix, mainly on
type I and II collagen [38, 41, 44]. Moreover, MMP-9
increases the VEGF levels because the lysis of the
decalcified bone matrix leads to the release of matrix-
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bound VEGF and the subsequent effect on the osteoclasts.
Thus, MMP-9 acts synergistically with VEGF in recruiting
the osteoclast precursors [37]. Cathepsin D indirectly
promotes the bone matrix destruction by the activation
of cathepsins B and L [43, 45, 46] and was associated
with the local invasion of the giant cell granulomas [47].
Zargaran et al. demonstrated the expression of cathepsin D
in the MGCs in both PGCG and CGCG, which supports
the osteoclastic nature of these cells [48]. Proinflammatory
mediators, such as TNF-α, in association with IL-1β,
induce the production of cathepsin D and exert an osteoclastogenic effect [49]. Moles et al. demonstrated that
increased levels of cathepsin D induced the synthesis of
TGF-β [50]. Furthermore, cathepsin D and TGF-β activate
Src, a factor implicated in osteoclastogenesis, which also
controls the polarization of the osteoclasts, the formation
of the ruffled border and osteolysis [51]. Cathepsin D is
also capable to convert the PTH into its active form,
PTHrP, which promotes the osteolytic activity of osteoclasts and prevents osteoblast maturation [35, 36].

Figure 6 – Mechanisms underlying the biological activity of the MGCs; the cytokines and growth factors produced by
the fibroblast/osteoblast and macrophage/histiocyte MCs are implicated in the recruitment, proliferation, differentiation,
fusion and activation of the osteoclasts; the proteolytic enzymes secreted by the osteoclasts induce the bone resorption
(original diagram). ATP6V0d2: Adenosine-triphosphatase (ATPase), H+ transporting, lysosomal 38 kDa, V0 subunit d2;
bFGF: Basic fibroblast growth factor; c-Src: Proto-oncogene tyrosine-protein kinase Src; DC-STAMP: Dendritic cellspecific transmembrane protein; IL: Interleukin; M-CSF: Macrophage colony-stimulating factor; MCs: Mononuclear
cells; MGCs: Multinucleated giant cells; MMP-9: Matrix metalloproteinase-9; RANK: Receptor activator of nuclear
factor kappa-Β; RANKL: RANK ligand; Syk: Spleen tyrosine kinase; TGF-β: Transforming growth factor-beta; TNF-α:
Tumor necrosis factor-alpha; TRAP: Tartrate-resistant acid phosphatase; VEGF: Vascular endothelial growth factor;
VNR αvβ3: Vitronectin receptor αvβ3.
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Glucose transporters (GLUTs) are structural proteins
that facilitate the glucose transport across the plasma
membrane of mammalian cells. GLUTs localization and
affinity for glucose is different in the various tissues.
GLUT-1 and -3 are highly expressed in the malignant
tumors but their role in PGCG and CGCG are not
completely clarified. The glucose consumption could be
correlated with the energy demanding activities, including
proliferation [13]. Vasconcelos et al. reported that GLUT-3
was overexpressed in the MCs, but MGCs showed a low
reactivity, which was consistent with the high metabolic
and proliferating activities demonstrated by previous studies.
GLUT-1 had a lower staining intensity, which could
suggest the benign clinical behavior of the lesions [13].
Based on the GLUTs expression, in the oral granulomas
there seem to be two types of MGCs: active cells and
degenerated or apoptotic cells [52]. The expression of
the glucose transporters in the MCs and MGCs might
be the consequence of the hypoxic and acidic microenvironment in the oral granulomas [13].
WNK1 is a protein kinase which controls the expression
of GLUT-1 on the cell surface. WNK1 phosphorylates
TBC1D4 and increases the binding of this phosphoprotein
to the 14-3-3 protein, while inactivating the exocytic
guanosine triphosphatase (GTPase) Rab8A. Upon GTPase
inactivation, Rab8A protein becomes activated and initiates
the glycolitic activity in the cells [13].
Cell fusion is important for the biological activity of
the cells, mainly by increasing the cell function (e.g., the
multinucleated osteoclasts are more efficient in resorbing
bone compared with the mononuclear cells) [14]. In order
to promote cell fusion, several events are involved: chemotaxis, migration, cell-to-cell recognition and interaction,
in order to reach the status that enables the cell fusion
[14]. M-CSF promotes the survival and proliferation of
macrophage-like MCs, to ensure the required number
of fusing cells [21]. Furthermore, RANKL initiates the
differentiation into TRAP+ mononuclear osteoclast
precursors, which will fuse to form the mature TRAP+
multinucleated osteoclasts. Since the osteoclast precursors
are not capable of bone resorption, their fusion is essential
for becoming active osteolytic cells [14]. The osteoclastlike MCs fusion is controlled by several cytokines that
regulate the dendritic cell-specific transmembrane protein
(DC-STAMP). The direct DC-STAMP up-regulation is
mediated by the low-density lipoprotein receptor (LDLR)
and the Tal1, or by RANK/RANKL pathway by the
activation of the NF-κB, c-fos, and NFATc1. The indirect
mechanism implicates the non-osteoclastic lineage cells
which produce soluble factors, such as RANKL, connective
tissue growth factor 2 (CCN2), vitamin E, and integrin-32.
Another fusion regulator is ATP6V0d2, which is also
up-regulated by the RANKL–NFATc1 pathway [14, 53].
As previously discussed, the osteoclast differentiation
and the consequent bone resorption are the result of the
interaction between the RANK expressed in the osteoclastlike MCs and the RANKL expressed by the fibroblast/
osteoblast stromal MCs. Both osteoclast-like MCs and
MGCs express RANK, suggesting the common progenitor.
Won et al. reported a positive correlation between the
RANK expressed by the MGCs and OPG in stromal MCs,
as well as between OPG and RANKL, which are both

expressed in the stromal MCs. The authors postulated that
the activation of the RANK–RANKL pathway triggers
the OPG expression by stromal MCs; this could be interpreted as a reactive defense mechanism for preventing
the excessive osteolysis in oral granulomas [24].
Factors predictable for the clinical
behavior of oral granulomas
There is a major debate if PGCG and CGCG are
separate entities or varieties of the same type of lesion
[1, 54]. It is still hypothesized that PGCG could be a
discrete entity or a peripheral variant of CGCG. Both
PGCG and CGCG are reactive lesions, share the same
pathogenic mechanisms and have common histological
features [10].
The main differences between these lesions are related
to the localization and the clinical evolution. Commonly,
PGCG has a slow progression and limited osteolytic
activity. Contrarily, Chuong et al. classified the CGCG
into non-aggressive lesions – which are slowly growing
and asymptomatic – and aggressive, which are associated
with increased bone destruction and more severe symptoms
[55]. The aggressive forms of CGCG were characterized
by larger diameters and local complications, including:
root resorption, cortical plate perforation as well as higher
recurrence rate [6]. Moreover, based on the clinical
behavior and the proliferating activity, some researchers
also suggested that CGCG and malignant lesions, such as
giant cell tumor could have the same pathogenesis [4, 56].
Numerous recent studies focused on the IHC
characterization of the lesions and the identification of
proliferation markers and cell cycle associated proteins
expressed in the MGCs, in order to establish the differences
between PGCG and CGCG and to explain the distinct
clinical behavior [3, 10, 20, 57].
Moreover, since both types of oral granulomas, and
mostly the CGCG, are accompanied by osteolysis, the
factors associated with bone resorption could be used
as markers with prognostic value. These markers could
indicate the potential aggressive clinical evolution, as
well as the risk of recurrence [37].
In PGCG, the regulatory cytokines such as TNF-α,
IL-6 and IL-1β control the function of the various types
of cells, including MGCs, monocytes/macrophages and
fibroblasts/osteoblasts and control the tumor biological
activity: growth and osteolysis. The bone resorption in the
proximity of the lesion may occur due to the expression
of osteolytic enzymes and osteoclasts-activating cytokines
in the MGCs [4]. In CGCG, MCs spindle-shaped cells
showed higher levels of TNF-α and IL-6 but lower IL-1β
expression, compared with PGCG. These findings suggest
that, by the synthesis of regulatory cytokines, spindleshaped MCs could regulate the differentiation of the
osteoclast progenitors and promote bone resorption with
different intensity in the two lesions [4]. Papanicolau et al.
reported that in CGCG there was a significantly higher
expression of TNF-α and IL-6 in spindle cells, but not in
MGCs. In CGCG, MGCs had a higher expression of IL-1β
compared with stromal MCs spindle-shaped cells [4].
In CGCG, the increased expression of TNF-α, IL-6
and IL-1β suggests an intense stimulation of osteoclast
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progenitor cells, leading to enhanced osteolysis. By
contrast, in PGCG, the interrelation between the three
osteoclastogenic cytokines seem to control the function
of other cell types, including MGCs, stromal MCs of both
monocyte/macrophage and fibroblast/osteoblast lineages.
This could be the explanation for the granuloma growth
and the reduced osteolytic activity [4].
The activity of proteases implicated in bone resorption,
such as cathepsin K expressed by the MGCs seem to be
related to the bone microenvironment. This explains why
the high levels of cathepsin K in the PGCG were not
associated with significant bone resorption. It is also
possible that the osteoclasts distant from the bone surface
to contain the inactive form (procathepsin K), instead of
the active enzyme [58].
Souza et al. reported that the AgNOR counts were
not different in PGCG compared with CGCG, but were
significantly increased in the nuclei of MCs and MGCs
in recurrent and aggressive CGCG. Since AgNOR
quantification is correlated with the clinical behavior,
this examination could be used for identifying the lesions
which have a higher recurrence potential [10].
The wide distribution of MDM2 protein not only in the
granulomas, but also in the normal oral mucosa suggested
that it was not related to the biological activity of the
lesions. Moreover, the absence of the negative regulator
of cell division p53 immunopositivity in both aggressive
and non-aggressive CGCG was consistent with the benign
nature of the oral granulomas [6, 10]. Interestingly, only
the MCs were positive for Ki-67, not the MGCs, with
increased percentage of Ki-67 positive cells in PGCG
compared with CGCG and in aggressive CGCG compared
with non-aggressive ones [5, 6, 10]. These data prove that
PGCG has higher proliferative activity compared with
CGCG [10]. The correlation between Ki-67 positivity
and the growth potential of aggressive CGCG could be
useful for the therapeutic approach.
In bone osteolytic lesions, the increased vascularity
is a prerequisite for the tumor growth and bone resorption,
which explains the increased VEGF levels in CGCG
compared with PGCG [38, 39, 40, 41]. CGCG have more
pronounced osteoclastic activity compared with PGCG,
since they express higher levels of IL-1β, leading to the
synthesis of cathepsin D [43, 45, 46]. Moreover, higher
expression of TGF-β in the CGCG compared with PGCG
is consistent with the increased bone resorption, since
TGF-β maintains the survival of osteoclasts and activates
MMP-9 [59, 60]. MMP-9 is also produced under the
influence of cathepsin D in MGCs in both lesions, but at
higher rate in CGCG [38, 41, 44]. Therefore, the high
VEGF and MMP-9 levels could be correlated with the
extent of bone destruction and the recurrence tendency,
features that are common for CGCG, the giant cell tumor
of the bone and the aneurismal bone cyst [37].
The glucose transport and the glycolitic metabolism
supply the energy necessary for the cells function.
Therefore, the increased metabolism demands of an
aggressive lesion which is associated with bone resorption
demands more energy and justifies the higher GLUT-1
expression [13].
The morphological differences regarding the number
of nuclei and the immunopositivity for CD68 could be
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factors responsible for the distinct clinical behavior.
Several studies described in both CGCG and PGCG,
irregular-shaped MGCs, which were unevenly distributed
in the fibro-cellular stroma. This aspect is considered to
be characteristic for reactive lesions, since the neoplastic
proliferations exhibit a more even distribution of the giant
cells. Non-aggressive CGCG contained clusters of small
MGCs surrounded by spindle-shaped stromal cells. The
aggressive CGCG contained numerous large MGCs
uniformly distributed. The number of nuclei in the MGCs
ranged between 3 and more than 100 [2, 6].
VK et al. reported higher expression of CD68 in MGCs
in CGCG compared with PGCG, but they attributed this
aspect to the different proportion and the distribution of
MGCs in the fibro-cellular stroma [2]. The CD68-positive
MGCs contained different numbers of nuclei: in the
CGCG, most MGCs had more than 20 nuclei, whereas
in PGCG all the MGCs had less than 20 nuclei; these
findings suggest a higher metabolic activity of MGCs, and
also an increased tendency of MCs to fuse and to form
MGCs in the CGCG, which is consistent with the more
aggressive evolution. The ratio between CD68-positive
macrophages and MGCs was higher in CGCG. The
immunopositivity for CD68 in MGCs and a fraction of
MCs proved that the positive mononuclear cells are
macrophages and the MGCs derive from monocyte/
macrophage lineage [2].
Aksakalli reported identical expression of OPN and
integrin αv in MGCs in both PGCG and CGCG and
suggested that these cells might not play essential role
in the evolution of the granulomas. Interestingly, MCs
showed a higher expression of OPN and integrin αv in
CGCG, compared with PGCG [5]. Binding of OPN to the
membrane receptor integrin αv activates the osteoclasts
and increases the osteolytic activity, which is consistent
with the clinical behavior of CGCG [18].
De Souza et al. reported that patients with CGCG
showed increased expression of TNF-α in circulating
CD4+ T-lymphocytes and lower expression in CD68+
circulating monocytes, which suggests systemic functional
changes in circulating leukocytes [61].
The functional alterations of osteotropic hormones
could also be prognostic factors for the oral granulomas.
Houpis et al. reported the expression of PTHrP and its
receptor (PTHR) in MGCs in both lesions, but at a higher
rate in CGCG [62].
Therapeutic approaches
Taking into consideration the localization, extension
and the risk of recurrence, different therapeutic approaches
must be taken into consideration for PGCG and CGCG.
The standard treatment of PGCG consists in surgical
excision of the entire lesion, the curettage of the underlying
periosteum (Figure 7A), especially when during surgery
it is confirmed that the periosteum has been infiltrated
and the superficial bone resorption is present. When the
granuloma extends profoundly and infiltrates the periodontium, the adjacent teeth are also indicated for
extraction (Figure 7C). Since the lesion removal results in
a deficient mucosal covering, the suture is recommended
(Figure 7, B and D). The removal of the cause: occlusal
trauma or the iatrogenic factors, such as inappropriate
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dental restorations or prostheses should be considered;
follow-up of the patient is also recommended, to identify
the possible recurrences. When complete resection is
performed, the PGCG has a low recurrence rate: 5% to
11% [1, 5].

Figure 7 – The surgical treatment of the PGCGs:
(A) The excision of the lesion and curettage of the
underlying periosteum; (B) Suture of the palatal
mucosa; (C) Excision of the lesion, followed by the
extraction of the remaining roots and the curettage of
the alveolus; (D) The suture of the alveolar mucosa
(authors collection). PGCG: Peripheral giant cell
granuloma.

In CGCG, the correct diagnosis must be established
prior to surgery. Based on the histological and clinical
features, and due to the unpredictable behavior, it was
hypothesized that CGCG could be a true neoplasm.
Therefore, the differential diagnosis of CGCG with
malignant tumors should be taken into consideration, for
an efficient therapeutic approach. The common treatment
involves resection or enucleation, including the curettage
of the infiltrated bone at the periphery of the lesion.
Conservative peripheral ostectomy is recommended, in
order to preserve the bone tissue and to ensure the optimal
conditions for healing after the intervention. Moreover,
the follow-up is very important, since CGCG has a high
recurrence rate: 13 to 49% [5, 55, 63].
In CGCG, recurrence is the main shortcoming of the
surgical therapy; however, it seems that the recurrence
rate could be associated with the surgical approach and
the biological behavior of the lesion. For the aggressive
lesions, radical surgical methods are more efficient. When
the conservative surgery, such as curettage is used for
aggressive lesions in order to prevent patient’s morbidity
and facial disfigurement, additional therapy is essential
[64].
The different clinical behavior and post-therapeutic
outcome could be associated with the molecular heterogeneity of the lesions. Therefore, additional and/or adjuvant
non-surgical approaches have been developed for an
efficient prevention of recurrences and a better outcome.
The pharmacotherapy prior to surgery could be beneficial
by reducing the size of the lesion and also by promoting
the bone formation at the periphery of the lesion; thus,
the surgery could be more conservative [64].
In order to limit the bone resorption, adjuvant
therapeutic options using drugs, such as corticosteroids,
calcitonin, interferon, bisphosphonates, have been administrated [6, 64]. Intralesional injected corticosteroids

inhibited the osteolytic activity of the local mature
osteoclasts and proved to be efficient in non-aggressive
granulomas, but could also be associated with the surgical
treatment in aggressive lesions. Calcitonin inhibits the
bone resorption by its effect on osteoclasts and proved
to be efficient in both aggressive and non-aggressive
lesions, leading to a partial or complete regression. The
interferon has been proposed for inhibiting angiogenesis,
but it was not efficient for the complete remission of the
lesions; moreover, this therapy is not indicated due to the
toxicity and negative side effects, especially in children
[64].
Other adjuvant non-surgical therapies for limiting the
osteolysis could be targeted to control the levels of VEGF
and MMP-9 expression [37], or to block the RANK
signaling pathway [24, 29]. Several studies reported that
administration of recombinant OPG, human anti-RANKL
antibodies, and RANK-Fc efficiently controlled the bone
resorption [24, 65].
These novel therapeutic strategies are promising,
but, at this moment, there are no relevant indications
regarding their use, since aggressive and non-aggressive
lesions have variable responses to the surgical and
pharmacological treatment. Moreover, the treatment needs
to be individualized according to the clinical, microscopic
and molecular markers, which are related to the variations
in recurrence and aggressiveness of the oral osteolytic
lesions.
Therefore, further research into the interrelation
between the pathogenic mechanisms and the clinical
behavior are essential in order to develop effective
combined therapeutic protocols. Advances in understanding
the pathogenesis and the molecular profile of the
aggressive and non-aggressive lesions could be the
cornerstone in developing the best protocol to manage
the oral granulomas.
Conclusions
There still are unknown aspects regarding the histogenesis and the mechanisms underlying the differentiation
and activation of the MCs and MGCs. The IHC characterization in a large panel and the continuous search for
new markers expressed in the MCs and MGCs are the
future directions for the correct diagnosis. In case of
CGCG, any histological specimen should be investigated
for the proliferation markers, especially Ki-67 and VEGF,
in order to differentiate the non-aggressive from the
aggressive lesions. Whenever possible, the quantification
of the nuclear AgNOR could be useful for the differential
diagnosis. However, in order to control and to manage
the oral cavity granulomas, the possible origin and the
potential biological activity must be taken into consideration as essential elements for an efficient therapy.
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Abstract Customized medical implants obtained by
selective laser melting have an important applicability due
the accurate architecture which promotes the osteointegration, osteoconduction, and osteoinduction. This study
assessed the in vitro effect of titanium scaffolds, both pure
and covered with a layer of hydroxyapatite, on mesenchymal
stem cells harvested from various oral tissues. Eight titanium
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implants were manufactured by selective laser melting,
obtaining a porosity of 63.4% and a pore size of 600 µm.
Four matrices were covered with nano-hydroxyapatite.
Four lines of mesenchymal stem cells isolated from the
apical papilla, the dental pulp, the inter-radicular bone, and
the tuberosity bone were seeded on the implants. The cells’
proliferation, viability, and differentiation into the osteoblastic lineage were assessed after 18 days, using light
microscopy and fluorescence. Our results indicated that the
titanium matrices did not exert cytotoxic effect. The cells
seeded on titanium matrices conditioned with nanohydroxyapatite had a slightly higher proliferation rate. The
stem cells isolated from the inter-radicular bone had the
most intense proliferation and differentiation towards the
osteoblastic lineage showing a nodular architecture. In
conclusion, the oral mesenchymal stem cells have the
potential to promote and improve bone regeneration when
associated with the titanium scaffolds manufactured by
selective laser melting, either non-coated or coated with
hydroxyapatite. These findings open new perspectives for
the bone reconstruction in the oral and maxillofacial
surgery field.
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Medical implants have an important applicability in the
cranio-maxillofacial surgery field. For decades, fully dense
metal alloys were used, their stiffness causing issues due to
increased stress, resulting in bone resorption and loss of the
implants [1]. In order to reduce the negative effects of the
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implants, extensive research focused on improving materials
and their structure, developing biomaterials and cellular
lattice structures, with both lightweight and strength characteristics due to the porous network with interconnections
[2]. The development of personalized porous titaniumbased scaffolds with superior mechanical characteristics,
and osseoinductive, osseoconductive, and osseointegrative
properties, combined with cell therapy could be the solution
in order to obtain advanced bone tissue enhancement. The
requirements for a successful medical implant are to (1) fill
the bone defect, (2) be biocompatible, (3) provide a surface
morphology suitable for cell attachment and proliferation,
(4) have strong mechanical properties, but the stiffness
similar to the bone tissue, and (5) have a controlled
porosity with an adequate pore size [3].
Biomaterials are natural or synthetic materials that
interface with a biological system. Porous biomaterials
provide a high surface area, thus offering a large interconnected volume for materials used in bone ingrowth in
orthopedic or dentistry fields, as implant applications [4].
Specific criteria should be fulfilled by a biomaterial, such
as mechanical properties to match the local host bone, in
order to reduce bone resorption and increase bone ingrowth.
Moreover, they should promote bone formation by their
architecture, as well as facilitate the exchange of nutrients
and oxygen [5]. The success of a porous biomaterial depends
upon its morphological parameters, including porosity and
average pore size and shape, factors that affect the cell
proliferation and other biological events characteristic for
bone formation [6,7]. With the combination of a relatively
low elastic moduli and high yield strength, it is possible to
avoid stress shielding, and provide strong mechanical
support for bone formation and osseointegration [8]. In
order to obtain satisfactory bone ingrowth, the porosity of
the scaffolds should be more that 50%, and the pore size
between 100 and 800 µm [9,10]. The recent advancements
in additive manufacturing (AM) technologies made possible
the fabrication of metal scaffolds with a homogenous pore
size and high geometric complexity. For the fabrication of
lattice scaffolds made of biomaterials, such as titanium
alloys, the Selective Laser Melting (SLM) technique is one
of the most used [11]. SLM is an AM technique which
allows the production of complex 3D parts by selectively
melting successive layers of metal powder on each other,
by using the thermal energy of a laser beam [12]. SLM
enables scaffolds to be reproduced with exact controlled
topology, porosity, pore shape and size, and mechanical
properties. This allows for a porous biomaterial to be
designed and manufactured in order to achieve a proper
mechanical response and an environment suitable for bone
ingrowth [5].
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The Ti porous structures studied in this work are produced
by a SLM machine. Titanium is a commonly used material
for medical implants applications, using AM techniques. In
addition to the high mechanical strength and biocompatibility resulting from a formed oxide layer [13,14], the
surfaces of the titanium structures have the potential for the
modification by a variety of methods, in order to enhance
biocompatibility, prevent microbial adhesion, and improve
biomechanical properties [15].
Although Ti metal and its alloys are biocompatible, they
do not bond directly to bone tissue when implanted into a
defect. However, when subjected to chemical coatings or
heat treatment, Ti bonds to living bone through an apatite
layer formed onto its surface, which modulates the adhesion,
migration, proliferation, differentiation, and consequent
bone formation [10,13,16]. One of these methods includes
hydroxyapatite (HAP) coating [17,18]. Ti scaffolds subjected
to HAP treatments have been proved to form bone-like
apatite layer and to exhibit osseoconductivity as well as
osseoinductivity [13,19] and enhance osteoblast differentiation
[20]. The surface treatment of porous titanium biomaterials
promotes cell attachment and proliferation, induces a
hierarchical topography on the surface of the biomaterial,
and improves the osseointegration of the biomaterial
through the apatite formation [21].
The porous construct of the scaffolds offers a surface
beneficial for cell adhesion, growing, and proliferation,
resulting in strong bone-implant contact. Further implant
optimization can be achieved by vitalizing the construct
with adult mesenchymal stem cells (MSCs) prior to
implanting. This tissue engineering approach allows cells
collected from various tissues to be further stimulated to
differentiate into specified tissues by appropriate stimuli
[22]. It has been shown that the implantation of MSC
supports the regeneration of bone defects when loaded on
porous scaffolds [23].
The present study had the objectives of exploring in vitro
the biocompatibility of SLM designed titanium implants
and the influence of the nano-hydroxyapatite coverage on
the cell proliferation. The main aim of the study was to
identify the mesenchymal stem cell line isolated from the
oral cavity with the most promising proliferation and
osteoblast differentiation capacity.

2. Materials and Methods
The protocol of the study was approved by The Ethical
Committee of the “Iuliu Hatieganu” University of Medicine
and Pharmacy, Cluj-Napoca, registration number 195/
10.05.2016.
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Fig. 1. SEM images of the Ti scaffolds fabricated by SLM: A. Magnification ×30; B. Magnification ×100; C. Magnification: ×200.

2.1. Scaffold of implants
The pure Ti powder (TLS Technik GmbH, Lübeck, Germany)
was processed by a Selective Laser Melting machine (SLM
250 type), produced by MCP ReaLizer II SLM 250 (SLM
Solutions Holding GmbH, Lübeck, Germany). Specimens
of round shape with a 5 mm diameter and lattice structure
were manufactured with a laser power of 75 W, layer
thickness 50 µm, point distance 10 µm, and exposure time
60 µs. The porosity of the scaffolds was of 63.4% and the
cells’ dimension of 600 µm. After the removal from the
manufacturing platform, the specimens were cleaned from
the remaining powder by blowing compressed air, and then
ultrasonically in distilled water for 10 min in a FRITSCH/
Laborette 17 vat. Afterwards, the scaffolds were dried at
80°C for 30 min.
For studying the details regarding the specimens’ quality,
they were analyzed using a Hitachi SU8230 (Tokyo, Japan)
microscope. The electron microscope was coupled with an
Aztec X-Max 1160 EDX detector (Oxford Instruments).
Scanning Electron Microscopy (SEM) images of the Ti
scaffolds are presented in Fig. 1.
In order to improve the bioactivity of the resulted titanium
implants, half of the obtained disks were immersed in a
hydroxyapatite solution, kept in vacuum (100 mbar) for
15 min. The samples were dried at 60°C and at 110°C in an
oven. All the scaffolds were sintered in air atmosphere for
1 h, at 600°C [24]. All the specimens were then sterilized
by dry heat, at 160°C for 2 h.
2.2. Cell culture
Four adult mesenchymal stem cells lines isolated from the
dental pulp, apical papilla, inter-radicular bone, and the
tuberosity were isolated as described by Tomuleasa et al.
[25] after obtaining the patients’ informed consent.
Mechanical processing was performed. For the soft
tissue cells (apical papilla and dental pulp), fragments were
immersed in medium DMEM/F-12 (Sigma Aldrich,
Darmstadt, Germany) with 15% fetal calf serum (Dulbecco’s
Modified Eagle’s Medium: Nutrient Mixture F-12), then
centrifuged at 1100 rotations/min for 7 min (Eppendorf

5702 centrifuge, Hamburg, Germany). Hard tissue cells
(tuberosity and inter-radicular bone) were treated by
applying one drop of fetal calf serum (FCS) (Sigma
Aldrich, Darmstadt, Germany), after which the plates
where introduced in the incubator for 1 h, at 37°C and 5%
CO2. Afterwards, 2.5 mL medium DMEM/F-12 with 15%
FCS was added by dropping, in order to maintain bone
fragments’ initial position; the samples were not centrifuged.
Cells were seeded in 25 cm2 Cole flasks (NUNC, Naperville,
USA) and cultivated in Dulbecco’s modified Eagle’s
medium DMEM/F-12HAM containing 20% FCS, 2 mM
L-Glutamine, 1% antibiotics, 1% non-essential amino
acids (NEA) (all reagents from Sigma Aldrich , Darmstadt,
Germany), in a humidified 7% CO2 atmosphere. The first
cells appeared near the explants after 6 days (apical
papilla), 9 days (dental pulp and tuberosity bone), and 11
days (inter-radicular bone). The medium was changed
twice each week. The morphological aspect of the isolated
cells was fibroblast-like in the first passages.
The MSC lines were characterized by immunofluorescence, RNA extraction and Real time polymerase
chain reaction (RT-PCR) and flow cytometry. Immunocytochemical staining used monoclonal antibodies for CD44
Fluorescein isothiocyanate (FITC), CD29 Phycoerythrin
(PE), CD49e PE, SSEA-4 FITC, Sox-2 FITC, Oct¾ FITC,
Nanog FITC, ALP FITC, CD45 FITC and CD117 PE
(Becton Dickinson, Heidelberg, Germany). Cells were
visualized under a Zeiss AxioVert microscope (Carl Zeiss,
Oberkochen, Germany) using filters at 488, 546 and 340/
360 nm. Images were taken with an AxioCam MRC
camera (Carl Zeiss, Oberkochen, Germany).
Flowcytometry was performed for CD44 FITC, CD73
PE, CD49 PE, CD29 PE, CD34 FITC, CD117 PE, and
CD45 FITC (Becton Dickinson, Heidelberg, Germany).
Cells were analyzed with BD FACS Canto II, 6-color
flowcytometer (Becton Dickinson, Heidelberg, Germany),
using BD FACS Diva version 6.1.3 software (Becton
Dickinson, Heidelberg, Germany).
RT-PCR was performed for gene expression: BNDF,
Nanog, and Oct ¾ (Roche, Marseille, France). The RNA
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was extracted using the TRIzol reagent and assessed
quantitatively with the spectrophotometer NanoDrop ND1000 (Thermo Fisher Scientific Wilmington, DE, USA)
and qualitatively with the Agilent 2100 Bioanalyzer (Santa
Clara, CA, USA). For each sample, total RNA was used
for cDNA synthesis using a Transcriptor First Strand
cDNA Synthesis kit (Roche, Marseille, France). cDNA
samples were diluted 1:10 and amplified using the
LightCycler TaqMan Master kit (Roche, Marseille, France)
in LightCycler 480 Roche Instrument (Roche, Marseille,
France) for each gene. The Ct values were calculated using
the Absolute Quantification/Second Derivative max method
(Roche, Marseille, France) and the expression levels for
each gene were calculated using the 2-Ct method. The
genes with Ct values higher than 35 were interpreted as
negative.
Before being seeded onto implants, the cells were
stained with PKH 26 (Fluorescent Cell Linker Kits, Sigma
Aldrich, Darmstadt, Germany), a red fluorescent dye.
For differentiation to the osteoblastic lineage, a serumfree simple osteogenic medium (OS) consisting on DMEM/
F-12HAM without phenol red, 2 mM L-Glutamine, 1%
antibiotics, 1% NEA, 20 nM dexamethasone, 100 µg/mL
ascorbic acid and 20 mM β-glycerol-phosphate. All the
reagents were purchased from Sigma Aldrich, Darmstadt,
Germany.
For the experiments investigating the cytotoxicity, cell
adhesion and proliferation, cells at the seventh-ninth
passage were used: 105 cells/well were seeded in 96-well
plates (Nunclon, NUNC, Naperville, USA) in 100 µL
complete medium in each well. On each plate, three rows
of 10 wells each were seeded. The resulting eight culture
plates were divided into two sets: four plates for the
scaffolds covered with hydroxyapatite, and four plates for
the uncoated scaffolds.
2.3. Cell adhesion and proliferation
Cell adhesion at 2 h and cell proliferation were assessed
with the Alamar Blue test, which is used mainly to
measure cell viability, by evaluating cellular health.
Resazurine, a non-fluorescent dye is converted to resorufin
(red fluorescence) in metabolically active cells, through a
reduction mechanism. Fluorescence intensity depends on
the number of viable cells. The 105 cells/well were
suspended in 1.5 mL DMEM/F12HAM complete medium
and seeded on the implants placed in 12-well plates. Each
assay was performed in triplicate. After 2 h of cultivation,
150 µL of Alamar Blue (Invitrogen, Thermo Fisher
Scientific, Carlsbad, California, USA) were added to each
well. The plates were incubated for 1 h at 37°C, in the
dark. The medium was subsequently transferred to another
12-well plate and fluorescence intensity was measured
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using a BioTek Synergy 2 plate reader (excitation 540 nm,
emission 620 nm) (BioTek, Winooski, Vermont, USA).
The cells were quantified using optical microscopy (Zeiss
Axiovert, Oberkochen, Germany) at different time intervals:
2 h, 24 h, 48 h, 7 days, and 18 days.
2.4. Alizarin Red staining
Calcium deposits which are formed after the osteoblastic
mineralization process can be highlighted with Alizarin
Red - an anthraquinone derivate and calcium chelator. All
the MSC lines were seeded and cultivated on titanium
implants, either in serum-free medium, were fixed with 4%
paraformaldehyde after 18 days. Staining was performed
following this procedure: after washing with tab water, Ti
implants were incubated for 15 min at room temperature
with 2% Alizarin Red solution (pH = 4.1). After intensive
washing of implants a destaining method was used, with
10% (w/v) cetylpyridinium chloride (CPC) (Sigma Aldrich,
Darmstadt, Germany) in 10 mM sodium phosphate (pH =
7.0). After 15 min at room temperature, aliquots from the
extracted stain were transferred to a 96-well plate and
diluted 10 fold with CPC solution. The violet-colored
supernatant was read with a microplate reader at 562 nm
(BioTek Synergy 2, BioTek, Winooski, Vermont, USA).
2.5. Statistical analysis
Statistical analysis was performed using the ANOVA
Bonferroni Multiple Comparison test (Prism 5 GraphPad
Software, La Jolla, CA, USA). Statistical significance was
set at p < 0.05.

3. Results and Discussion
3.1. Phenotypic and genetic characterization
The four types of cells showed similar results regarding the
phenotypic and genetic characterization. Immunocytochemical staining revealed immunopositivity for specific
markers for the mesenchymal stem cells: CD44, CD29,
CD49e, SSEA-4, Sox-2, Oct¾, Nanog, and ALP. Cells
were negative for: CD45 and CD117. Flowcytometry
showed positivity for CD44, CD73, CD49, CD29 and
negative results for: CD34, CD117, and CD45. RT-PCR
indicated the expression of the following genes: BNDF,
Nanog and Oct ¾ (data not shown in this paper) [26].
3.2. Characterization of the implants by SEM
The surfaces of the manufactured implants were characterized using SEM after the HAP coating, which revealed
differences in the structure of the non-infiltrated titanium
(Fig. 2A) and HAP coated studied scaffolds (Fig. 2B). The
surface of the coated implants had a rough structure
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Fig. 2. SEM images of the surfaces of the studied scaffolds. A. Non-treated titanium (magnification ×500); B. Titanium covered with
HA (magnification ×500).

consisting of HAP crystals covering almost entirely the
scaffolds (Fig. 2B).
3.3. Biocompatibility of the Ti scaffolds
General biocompatibility of the SLM manufactured Ti
implants was confirmed by the viability of the cells stained
with PKH26 during the whole experiment. Without being
toxic for the four MSC lines, the scaffolds provided
support for cell adhesion and proliferation (Fig. 3).

attachments in several points (Fig. 5). The inter-radicular
bone and the tuberosity bone cells changed their shape,
while the apical papilla and the dental pulp cells
maintained a fibroblast-like shape, their proliferation and
adhesion being inferior to the inter-radicular bone MSCs.
At 48 h after seeding the scaffolds with MSCs, the interradicular bone derived cells showed an increased
proliferation (Fig. 6). The cells became polygonal in shape

3.4. Cell adhesion and proliferation
The cells’ adherence to the scaffolds was evaluated through
optical and fluorescence microscopy imaging and staining
of the cells at 2 h after seeding on the titanium implants.
Cell proliferation on the substrates was assessed by their
quantification using the PKH26 (Fluorescent cell linker
kits) staining and by the Alamar blue test, a viability assay
(Fig. 4).
At 24 h, all four cell lines developed extensions for

Fig. 3. Fluorescence images of MSC stained with PKH26 derived
from inter-radicular bone attached to the surface of the studied Ti
implants: A. 24 h; B. 48 h; C. 7 days; D. 18 days.

Fig. 4. PKH26 Red Fluorescent Cell Liner for general cell
membrane labeling staining process (A) and process of Alamar
blue staining (B). A. After being washed with DMEM/F12
medium and incubated for 3 min with a 1:250 PKH26 solution,
the staining was blocked with DMEM/F12 medium containing
10% FCS and the cells were seeded in plates. The plates were
examined with fluorescence microscopy. B. After the Alamar
blue reagent was added to the cells, they were incubated 1 h at
37°C. The amount of fluorescence is proportional to the number
of living cells and corresponds to the cells metabolic activity.
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Fig. 5. Fluorescence images of MSC attached to the surface of the studied implants after 24 h: A. MSC derived from dental pulp cells
cultivated on Ti; B. MSC derived from dental pulp cells cultivated on Ti infiltrated with hydroxyapatite; C. MSC derived from apical
papilla cells cultivated on Ti; D. MSC derived from apical papilla cells cultivated on Ti infiltrated with hydroxyapatite; E. MSC derived
from inter-radicular bone cells cultivated on Ti; F. MSC derived from inter-radicular bone cells cultivated on Ti infiltrated with
hydroxyapatite; G. MSC derived from tuberosity bone cultivated on Ti; H. MSC derived from tuberosity bone cultivated on Ti infiltrated
with hydroxyapatite

Fig. 6. Fluorescence images of MSC attached to the surface of the studied implants after 48 h: A. MSC derived from dental pulp cells
cultivated on Ti; B. MSC derived from dental pulp cells cultivated on Ti infiltrated with hydroxyapatite; C. MSC derived from apical
papilla cells cultivated on Ti; D. MSC derived from apical papilla cells cultivated on Ti infiltrated with hydroxyapatite; E. MSC derived
from inter-radicular bone cells cultivated on Ti; F. MSC derived from inter-radicular bone cells cultivated on Ti infiltrated with
hydroxyapatite; G. MSC derived from tuberosity bone cultivated on Ti; H. MSC derived from tuberosity bone cultivated on Ti infiltrated
with hydroxyapatite

as the differentiation process occurred, under the influence
of the osteogenic factors. The MSCs derived from the
tuberosity bone maintained their shape, while those from
the dental pulp and apical papilla cells remained small,
with a rounded shape, with a relatively low proliferation
rate, compared to the other cells.
After 7 days the fluorescence images indicated that the
MSC derived from the inter-radicular bone had the highest
proliferation rate, and proliferation nodules were noticed
(Fig. 7). The tuberosity bone derived MSCs presented the

same nodular architecture. The dental pulp and apical
papilla cells were grouped in confluent structures. The
Alamar blue test performed at this moment indicated the
highest viability for the inter-radicular bone MSCs.
At 18 days the PKH26 fluorescence was reduced, due to
the proliferation rate of the cells (Fig. 8). The tuberosity
bone derived MSC continued to form osteoblast-like
nodules. The inter-radicular bone derived MSC started to
form brides between the pores of the scaffolds. The MSC
derived from the dental pulp started to form ossification
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Fig. 7. Fluorescence images of MSC attached to the surface of the studied implants after 7 days: A. MSC derived from dental pulp cells
cultivated on Ti; B. MSC derived from dental pulp cells cultivated on Ti infiltrated with hydroxyapatite; C. MSC derived from apical
papilla cells cultivated on Ti; D. MSC derived from apical papilla cells cultivated on Ti infiltrated with hydroxyapatite; E. MSC derived
from inter-radicular bone cells cultivated on Ti; F. MSC derived from inter-radicular bone cells cultivated on Ti infiltrated with
hydroxyapatite; G. MSC derived from tuberosity bone cultivated on Ti; H. MSC derived from tuberosity bone cultivated on Ti infiltrated
with hydroxyapatite.

Fig. 8. Fluorescence images of MSC attached to the surface of the studied implants after 18 days: A. MSC derived from dental pulp cells
cultivated on Ti; B. MSC derived from dental pulp cells cultivated on Ti infiltrated with hydroxyapatite; C. MSC derived from apical
papilla cells cultivated on Ti; D. MSC derived from apical papilla cells cultivated on Ti infiltrated with hydroxyapatite; E. MSC derived
from inter-radicular bone cells cultivated on Ti; F. MSC derived from inter-radicular bone cells cultivated on Ti infiltrated with
hydroxyapatite; G. MSC derived from tuberosity bone cultivated on Ti; H. MSC derived from tuberosity bone cultivated on Ti infiltrated
with hydroxyapatite.

nodular architecture at this point, while the apical papilla
MSC remained in groups of rounded cells.
At each stage of the experiment (24 h, 48 h, 7 days, 18
days), MSCs’ adhesion and proliferation was evaluated
using the Alamar blue assay. The results are illustrated in
Fig. 9 and they show similar ability of all implants to
induce cell adhesion. No significant difference (p > 0.05)
was identified between the MSCs seeded on the scaffolds
conditioned with hydroxyapatite, and the non-treated
scaffolds; however, the cell viability of the coated implants

was 0.25 times higher.
At the end of the study, the development of peri-implant
osteogenic mineralization was established. Being the later
stage in the evolution on an implant [27], the osseointegration
is characterized by mineralization that was assessed by
quantifying calcium deposits on the implants with the
Alizarin red method (Fig. 10A). After 18 days of cultivation,
an increase in calcium deposits occurred mostly in
hydroxyapatite coated Ti scaffolds (Fig. 10B).
SLM has become a research topic increasingly addressed
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Fig. 9. The viability of the MSC on the scaffolds, evaluated with
Alamar blue assay and showing their proliferative capacity (on
day 2, 7 and 18). Legend: non-coated Ti (Ti), titanium coated
with hydroxyapatite (Ti HAP), dental pulp (DP), apical papilla
(AP), inter-radicular bone (IR), tuberosity bone (T).

in the last years [11]. Multiple experiments used this
method of AM, studying its advantages and limits. Similar
to our findings, other in vitro studies have shown the use of
SLM and its biocompatibility in tissue engineering,
providing cell osteogenesis [28,29]. In vivo studies reported
complete integration of the SLM implants in the bone
tissue [30]. Wang et al. demonstrated that Ti6Al4V fabricated
SLM samples are cyto-biocompatible, haemocompatible,
non-irritant and non-sensitizing, data for cell adhesion,
proliferation, ALP activity and the haemolytic ration being
higher than other manufacturing methods [31]. Clinical
research was conducted as well. Several studies demonstrated that SLM fabricated facial prosthetics may be
implanted in the human body [32,33]. Xu et al. proposed
a custom-made selective laser melting 3D-printed alloplastic
temporomandibular joint prosthesis. To our knowledge, no
other studies examined titanium SLM scaffolds’ influence
on MSC isolated from oral cavity tissues.
The goal of our research was to prove the biocompatibility
of SLM designed titanium implants. At the same time, we
established the positive influence of the nano-hydroxyapatite
coverage on the cell proliferation. We identified that the
inter-radicular bone isolated MSC have the most promising
proliferation and osteoblast differentiation ability, this
finding offering perspectives for further clinical applications
of oral cavity isolated MSC.
For the research SLM processed Ti implants of 5 mm
diameter, with 63.4% porosity, and cells of 600 µm
dimension, the literature indicating that this pore size
provides higher fixation ability, and deep bone ingrowth
[34-36]. Being the only laser direct process that is available
for the production of metallic devices in medicine [37], it

Fig. 10. The process of Alizarin red staining of the MSC cultures
differentiated to the bone line for 18 days (A) - calcium crystals
detected after the staining process; yellow: tuberosity bone MSC
on Titanium scaffolds; green: tuberosity bone MSC on Titanium
scaffolds conditioned with HAP; red: inter-radicular bone MSC
on Titanium scaffolds; blue: inter-radicular bone MSC on
Titanium scaffolds conditioned with HAP; orange: dental pulp
MSC on Titanium scaffolds; violet: dental pulp MSC on Titanium
scaffolds conditioned with HAP; dark blue: apical papilla MSC
on Titanium scaffolds; pink: apical papilla MSC on Titanium
scaffolds conditioned with HAP. Quantification of calcium
deposition levels on the scaffolds measured on day 18 performed
using the Alizarin red method (B). Legend: noncoated Ti (Ti),
titanium coated with hydroxyapatite (Ti HAP), dental pulp (DP),
apical papilla (AP), inter-radicular bone (IR), tuberosity bone (T).

is used with various other materials as well, including
ceramics, thermoplastic polymers, different metals. Williams
et al. fabricated polycaprolactone scaffolds based on
patient’s computer tomography or magnetic resonance
imaging data [29], while Shishkovsky et al. used mixtures
of alumina, aluminium and zirconia powders in order to
process porous implants [38]. Recent studies examined
methods of increasing the SLM fabricated scaffolds ability
to support normal metabolism and growth of osteoblast
cells. Various methods of reducing the roughness and
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providing bioactivity were used, in order to enhance the
bone regeneration performance of the SLM Ti implants: acidalkali, alkali-acid-heat treatment, anodizing-heat treatment
[10,21], anodization [10,39], and SiO2-TiO2 coating [40].
Tsukanaka et al. proved that bioactive treatment promotes
osteoblast differentiation on titanium materials fabricated
by selective laser melting technology [20]. Pattanayak et
al. heat-treated their porous Ti metals fabricated by SLM at
1,300°C for 1 h in an argon gas atmosphere to smooth their
surface and applied chemical treatments, subjecting the
samples to NaOH, HCl, and heat treatment, to provide
bioactivity. The treated bodies formed bone-like apatite on
their surface in vitro and improved the bone penetration
into the pores in vivo [13].
In this study, half of Ti implants processed with SLM
technology were coated with hydroxyapatite, in an attempt
to improve the bioactivity of the material.
Many studies suggest that hydroxyapatite coating have a
microstructure and property evolution which provides the
necessary qualities to be used for bone implant applications
[18,41]. Hydroxyapatite coating has been shown to improve
the bone regeneration performance of otherwise bioinert
biomaterials. The treatments have enhancing effects on
apatite forming ability, cell attachment, cell proliferation,
osteogenic gene expression, bone regeneration, biomechanical
stability, and bone-biomaterial contact [40,42].
The obtained results were similar to previous studies, as
the scaffolds infiltrated with HAP promoted the induction
of early mineralization. However, in the present study, no
significant difference was found regarding the cultivation
of the MSC on the scaffolds conditioned with hydroxyapatite,
compared with the non-treated ones, though the cell
number of the coated implants was 0.25 times higher. The
possible explanation of these results would be the shortterm experiment or the lack of more accurate measurement
techniques.
The in vitro study that we conducted compared various
types on MSCs harvested from tissues in the oral cavity. To
our knowledge, this is the first study to evaluate the
multipotent stromal cellular line harvested from the oral
cavity with the most promising proliferation and capacity
to the bone line differentiation. The results showed that the
stem cells isolated from inter-radicular bone presented a
more intense proliferation than the other MSC lines, with
a nodular architecture. Warnke et al. confirmed the bone
ingrowth into this the SLM fabricated scaffolds [5,43], the
porous structure contributing to the osteoinduction [36] and
enhancing vascularization and osteoblast seeding [11].
Nover et al. demonstrated that porous titanium supports
cartilage growth, making it a viable-like material that can
be used in the engineered osteochondral tissue constructs,
thus being an alternative to allografts [44]. Additionally,
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previous research performed by members of our team
showed that Ti scaffolds obtained by SLM, with siliconsubstituted nano-hydroxyapatite-coated surface were biocompatible and had favorable osseointegration in experimentally induced bone defects in rabbits [45].
The limitations of the current study are the combination
of qualitative and quantitative techniques of measuring the
cell viability and proliferation, the short-term follow-up, as
well as the limited number of samples.

4. Conclusion
Mesenchymal stem cells isolated from the oral cavity
tissues have the potential to improve bone regeneration,
when seeded on SLM manufactured titanium scaffolds,
either non-coated or coated with hydroxyapatite. The cells
derived from the inter-radicular bone showed an increased
capacity of proliferation and osteoblast differentiation on the
titanium implants. Scaffolds coated with HAP promoted
the induction of early mineralization. There was no toxic
effect of this procedure in vitro, thus making it promising
to further clinical applications in tissue engineering.
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Abstract: Background: Saliva has been recently proposed as an alternative to classic biofluid
analyses due to both availability and reliability regarding the evaluation of various biomarkers.
Biosensors have been designed for the assessment of a wide spectrum of compounds, aiding in
the screening, diagnosis, and monitoring of pathologies and treatment efficiency. This literature
review aims to present the development in the biosensors research and their utility using salivary
assessment. Methods: a comprehensive literature search has been conducted in the PubMed database,
using the keywords “saliva” and “sensor”. A two-step paper selection algorithm was devised and
applied. Results: The 49 papers selected for the present review focused on assessing the salivary
biomarkers used in general diseases, oral pathologies, and pharmacology. The biosensors proved
to be reliable tools for measuring the salivary levels of biochemical metabolic compounds such as
glucose, proteinases and proteins, heavy metals and various chemical compounds, microorganisms,
oncology markers, drugs, and neurotransmitters. Conclusions: Saliva is a biofluid with a significant
clinical applicability for the evaluation and monitoring of a patient’s general health. Biosensors
designed for assessing a wide range of salivary biomarkers are emerging as promising diagnostic or
screening tools for improving the patients’ quality of life.
Keywords: saliva; biofluid; biosensor; analytes; systematic review

1. Introduction
Nowadays, human biological samples are used not only for the screening and diagnosis of various
pathologies but also for assessing the compliance to treatment and the therapeutic efficacy. Depending
on the types of investigations required, several options are available, varying from usual specimens
(blood, plasma, saliva, sputum, urine, and feces) to more specific ones (cerebrospinal fluid, bone
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marrow, etc.). Blood collection is typically invasive and uncomfortable for the patients, being associated
with high levels of anxiety, whereas urine or feces testing is considered to be privacy-invading [1–3].
In recent years, saliva has been explored as an alternative for the evaluation of homeostasis and
the detection of pathologic conditions [4]. Most of the saliva (90%) is produced by the three major
salivary glands (parotid, submandibular, and sublingual glands), whereas a small amount (10%) is
produced by the minor salivary glands, distributed in the labial, buccal, lingual, and palatal areas
of the oral mucosa [3,5]. Even though saliva is composed of 99% water, it also contains numerous
constituents diffused from blood through para-cellular or trans-cellular pathways [5,6]. Saliva performs
multiple functions, including digestion (the lubrication and binding of the alimentary bolus and
the initiation of starch digestion), gustatory sensation (by solubilisation of dry food), protection
(mechanical mobilization of alimentary debris), and antibacterial activity (lysis of the bacterial cell wall
due to lysozyme) [4].
The oral cavity is host to a large number of commensal bacteria, known as the oral microbiome.
Bacteria that can be found on the different surfaces in the oral cavity are organised in large communities
that thrive and support one another, known as the biofilm. Inside the biofilm, the different species
of bacteria communicate with one another, thus enabling the host colonisation, offering defence
against competing bacteria, or adapting when changes are made in the environment around them.
The pathologic effect of the oral microbiome occurs when the defensive mechanisms of the host are
overtaken or impaired due to general pathologies, such as autoimmune diseases or diabetes [7,8].
In a healthy individual, a number of over 700 different bacterial species were identified, of which
more than half have never been cultivated. The number of bacterial species and the composition of
the microbiome may vary not only from one person to another but also in different areas of the oral
cavity [9]. Moreover, the oral microbiome can undergo changes under certain conditions, such as
during radiation therapy [10], or in the presence of dental prosthetic rehabilitations [11,12]. On the
poorly maintained or unadapted removable prosthesis, an increased accumulation of bacteria has been
identified [12]. In the case of fixed rehabilitations, the high accumulation of bacteria can be associated
with the surface roughness or the material chosen for the prosthetic piece. The corrosion effect of
saliva on the metallic crowns could increase the bacterial accumulation. The corrosive proccess was
investigated in vitro by Uriciuc et al. using CoCrMo and CoCrW alloys immersed into artificial saliva.
CoCr-based alloys with tungsten (W) content presented a linear and stable anticorrosion tendency and
are more suitable for using as a single-casted alloy in prosthetics dental structures [11,13].
Given the modifications that may occur in certain pathologies, practitioners should consider
setting a baseline of the salivary values of these patients. In this regard, saliva should be collected after
a thorough professional cleaning of the oral cavity, carried out by a dental practitioner. The longitudinal
study conducted by Esin et al. revealed a reduction of the microbial load (Streptococcus mutans and
Lactobacillus spp.) three months after professional cleaning; this data sustains our suggestion regarding
the salivary profiling of certain patients [14]. Furthermore, in order to reduce the alimentary influence,
the samples should be collected à jeun before any food intake.
The use of human saliva for the diagnosis of different pathologies and for the monitoring of
treatment outcomes is enabled by several advantages. Saliva collection is easy and does not require
medical training; thus, it is feasible to both patients and practitioners. The sampling is fast and cost
efficient, and saliva storage and shipping are easier than that of most biological samples. Moreover,
unlike blood samples that may need additional media to prevent clotting, saliva is not susceptible
to transformations. Finally, the contamination risk for medical personnel is lower, since no needles
are involved [3,4].
Biosensors are defined as medical devices capable of detecting or measuring chemical or biological
reactions by generating signals when in contact with an analyte [15]. Since their proof of concept in
1906, biosensors have become attractive to researchers and medical practitioners as alternatives to
regular, expensive, and time-consuming investigations [6,15].
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The aim of the present paper was to perform a comprehensive analysis of the existing literature
on the ability of biosensors to detect various compounds in human saliva and on their reliability as an
alternative to traditional laboratory investigations.
2. Materials and Method
A systematic review based on the PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) checklist was carried out. A search in the electronic data base PubMed was conducted
using the association of the keywords “saliva” and “sensor”.
In the first step of the review, the titles and abstracts of the returned articles were analysed.
The potentially eligible articles had to be published in the last 10 years, between the 1st of January 2009
and the 31st of December 2018. Furthermore, the papers had to focus on the detection of parameters
in saliva using biosensors. Only human studies were included. Lastly, the articles had to be written
in English.
In the second step of the review, the full text of the potentially eligible articles was analysed.
The full text of the final papers had to be available for reading or purchasing. Detailed information
about the sensors, their characteristics, and applicability to human saliva had to be reported.
The accepted forms of papers were basic research, cross-sectional studies, or cohort studies. A basic
research study is defined as a research conducted in the laboratory for the characterization and
evaluation of a medical device. A cross-sectional study is an observational study conducted on a set
number of subjects, evaluating the medical device at a specific point in time. All the final articles had
to have the references listed and must have been cited at least once. The number of citations was
determined using the Web of Science Core Collection search tool and, where the articles were not
available, the Google Scholar search engine was employed.
3. Results
The initial search in the PubMed database using the keywords “saliva” and “sensors” returned
a total of 242 results. Out of the total number, 46 had to be excluded for being published before the
1st of January 2009, bringing the number to 196 results. Another 85 papers were eliminated for not
being human studies, and 2 other papers were not written in English. The titles and abstracts of the
remaining 109 articles were further analysed, and 48 were excluded for not making a reference to the
use of biosensors in saliva.
A total of 61 articles remained for further analysis of the full text. Another 12 articles were
removed from the present review for not making a reference to the main topic. Thus, a total of
49 papers were included in the present review. The full selection algorithm is visually represented
in Figure 1.
Out of the total number of final articles, 4 were cross-sectional studies, whereas 45 were basic
studies. Furthermore, 5 described the use of biosensors for the diagnosis of oral pathologies, 2 described
their use in pharmacological monitoring, and 42 described their applicability in general pathologies
screening, diagnosis, or follow-up.
Due to the large number of eligible articles, the compounds determined using salivary
sensors were organized in seven categories: biochemical metabolic compounds (20 papers),
proteinases and other proteins (10 papers), heavy metals and other chemical compounds (6 papers),
microorganisms (bacteria and/or viruses; 6 papers), oncology markers (4 papers), drugs (2 papers),
and neurotransmitters (1 paper) (Figure 2).
The final selected articles are listed in Table 1, with information on their authors, the original
journal and year of publication, the analysed sensors and the assessed compounds, the purpose of
determination, their indication, and the number of citations. These papers were sorted by the seven
proposed categories and the year of publication.
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Due to the large number of eligible articles, the compounds determined using salivary sensors
were organized in seven categories: biochemical metabolic compounds (20 papers), proteinases and
other proteins (10 papers), heavy metals and other chemical compounds (6 papers), microorganisms
(bacteria and/or viruses; 6 papers), oncology markers (4 papers), drugs (2 papers), and
neurotransmitters (1 paper) (Figure 2).
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The final selected articles are listed in Table 1, with information on their authors, the original
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of publication,
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the purpose
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determination,
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and the
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name, determined
compounds,
information, and method of detection, can be found in Table 2.
A comprehensive list containing the characterization information about each of the sensors from
the final eligible papers, such as the limit of detection, selectivity, and sensitivity, alongside the
author’s name, determined compounds, sensor information, and method of detection, can be found
in Table 2.
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Table 1. The final eligible papers for the present review.
No

Authors

Publication

Year

Type of Paper

Sensor

Determined
Compounds

Purpose of Determination

Indication

Number of
Times Cited

1

Ye et al. [16]

Talanta

2013

Basic research

CuO nanoneedle/graphene/carbon
nanofiber modified glassy
carbon electrode

Glucose

Diagnosis/Monitoring of
diabetes mellitus

General pathologies

59

2

Li et al. [17]

Sci. Rep.

2015

Basic research

Electrochemical sensor using
anodized cupric oxide nanowires

Glucose

Diagnosis/Monitoring of
diabetes mellitus

General pathologies

36

3

Wang et al. [18]

Anal. Chem.

2016

Basic research

Core-shell IrO2 @NiO nanowires

Glucose

Diagnosis/Monitoring of
diabetes mellitus

General pathologies

16

4

Du et al. [2]

J. Diabetes Sci.
Technol.

2016

Basic research

Screen-printed sensor chip

Glucose

Diagnosis/Monitoring of
diabetes mellitus

General pathologies

10 *

5

Arakawa et al. [19]

Biosens Bioelectron.

2016

Basic research

Mouthguard glucose sensor

Glucose

Diagnosis/Monitoring of
diabetes mellitus

General pathologies

31

6

Soni et al. [20]

Anal. Chim. Acta

2017

Cross-sectional study

Paper based sensor and smartphone
RGB analysis

Glucose

Diagnosis/Monitoring of
diabetes mellitus

General pathologies

2

7

Dominguez et al. [21]

Sensors (Basel)

2017

Cross-sectional study

Spectrophotometric detection

Glucose

Diagnosis/Monitoring of
diabetes mellitus

General pathologies

1

8

Anderson et al. [22]

Sensors (Basel)

2017

Basic research

Colloidal AgNPs/MoS2-based
nonenzymatic glucose biosensor

Glucose

Diagnosis/Monitoring of
diabetes mellitus

General pathologies

4

Glucose

Diagnosis/Monitoring of
diabetes mellitus

General pathologies

4

9

Bell et al. [23]

Nanotechnology

2017

Basic research

Randomly oriented CuO nanowire
networks

10

Velmurugan et al. [24]

J. Colloid Interface
Sci.

2017

Basic research

CuO modified screen printed carbon
electrode (SPCE)

Glucose

Diagnosis/Monitoring of
diabetes mellitus

General pathologies

10

11

Kim et al. [25]

Biosens. Bioelectron.

2017

Basic research

Molecularly imprinted polymer
binding on a conducting
polymer layer

Glucose

Diagnosis/Monitoring of
diabetes mellitus

General pathologies

22

12

Dutta et al. [26]

Biosens. Bioelectron.

2017

Basic research

Methylene blue, hydrazine and
platinum nanoparticles

Glucose

Diagnosis/Monitoring of
diabetes mellitus

General pathologies

20

13

Santana-Jiménez et al. [27]

Sensors (Basel)

2018

Basic research

Paper-based sensors

Glucose

Diagnosis/Monitoring of
diabetes mellitus

General pathologies

2

Cortisol

Detection and
quantification of cortisol

General pathologies

35

14

Mitchell et al. [28]

Analyst

2009

Basic research

Surface plasmon resonance (SPR)
immunosensor

15

Pires et al. [29]

Biomed. Mater. Eng.

2014

Basic research

Chemiluminescent organic-based
immunosensor

Cortisol

Detection and
quantification of cortisol

General pathologies

6

16

Usha et al. [30]

Biosens Bioelectron

2017

Basic research

Lossy mode resonance-based
fiber optic

Cortisol

Detection and
quantification of cortisol

General pathologies

11

17

Frasconi et al. [31]

Anal. Bioanal. Chem.

2009

Basic research

Surface plasmon resonance
(SPR) immunosensor

Cortisol and
cortisone

Detection and
quantification of cortisol
and cortisone

General pathologies

27

18

Ballesta Claver et al. [32]

Analyst

2009

Basic research

Electrochemiluminescent biosensor

Blood lactate

Detection and
quantification of
blood lactate

General pathologies

41
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Table 1. Cont.
No

Authors

Publication

Year

Type of Paper

Sensor

Determined
Compounds

Purpose of Determination

Indication

Number of
Times Cited

19

Kim et al. [33]

Biosens. Bioelectron.

2015

Basic research

Screen-printing technology on a
flexible polyethylene
terephthalate substrate

Uric acid

Detection and
quantification of uric acid

General pathologies

70

20

Ciui et al. [34]

Sens. Actuators B
Chem. (in press)

2019

Basic research

Cavitas electrochemical sensor
in mouthguard

Monitoring of CML

General pathologies

1*

21

Lee et al. [35]

ACS Appl.
Mater. Interfaces

2011

Basic research

Molecularly imprinted thin films

Salivary proteins

Detection and
quantification of salivary
proteins (a-amylase)

General pathologies

29

22

Attia et al. [36]

Analyst

2014

Basic research

Nano-optical sensor

Salivary proteins

Detection and
quantification of salivary
proteins (a-amylase)

General pathologies

22

23

Mohseni et al. [37]

Biosens. Bioelectron.

2016

Basic research

Carboxymethyldextran hydrogel
sensor chip with immobilized
monoclonal MMP-9 antibodies

Matrix
metalloproteinases
(MMP-9)

Diagnosis of chronic
periodontal disease

Oral Pathologies

13

24

Ritzer et al. [38]

Nat. Commun.

2017

Basic research

Diagnostic chewing gum

Matrix
metalloproteinases
(MMP-1, MMP-8,
MMP-9)

Diagnosis of inflammatory
implant diseases

Oral Pathologies

8

25

Wang et al. [39]

J. Pharm.
Biomed. Anal.

2012

Basic research

Homogeneous fluorescent sensor

Human serum
albumin

Detection and
quantification of human
serum albumin

General pathologies

19

26

Gorodkiewicz et al. [40]

Folia Histochem.
Cytobiol.

2012

Basic research

Surface Plasmon Resonance Imaging
(SPRI) biosensor

Cystatin

Detection and
quantification of cystatin

Oral pathologies

2

27

Gorodkiewicz et al. [41]

Protein Pept. Lett.

2010

Basic research

Surface plasmon resonance imaging
(SPRI) biosensor

Cathepsin D (CatD)
and cathepsin E
(CatE)

Monitoring of cathepsin D
and cathepsin E activity

General pathologies

16

28

Gorodkiewicz et al. [42]

Anal. Biochem.

2012

Basic research

Surface plasmon resonance imaging
(SPRI) biosensor

Cathepsin G

Monitoring of Cathepsin G
activity

General pathologies

21

29

Wei et al. [43]

Clin. Cancer Res.

2009

Basic research

Electrochemical (EC) sensor

IL-8 mRNA and
IL-8 protein

Oncology (early cancer
diagnostic)

General pathologies

111

30

Majidi et al. [44]

Talanta

2016

Basic research

Two ultrasensitive electrochemical
sensor and aptasensor

Tryptophan

Selective analysis of
tryptophan in biological
samples

General pathologies

15

31

Puchnin et al. [45]

Biosens. Bioelectron.

2017

Basic research

Calixarene tubes

Potassium
iodine (KI)

Detection and Monitoring
of KI

General pathologies

3

32

Minami et al. [46]

Biosens. Bioelectron.

2016

Basic research

Organic field-effect transistors

Nitrate

Detection and
quantification of nitrate
ions

General pathologies

20

33

Hassan et al. [47]

Anal. Sci.

2009

Basic research

Potentiometric membrane sensor

Thiocyanate

Detection and
quantification of
thiocyanate

General pathologies

10

N-epsilon
(carboxymethyl)lysine
(CML)
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Table 1. Cont.
No

Authors

Publication

Year

Type of Paper

Sensor

Determined
Compounds

Purpose of Determination

Indication

Number of
Times Cited

34

Zheng et al. [1]

Nanoscale

2015

Basic research

Sandwich-structured SERS probe
with a gold nanohole array pattern

Silver and mercury

Detection of heavy metals
intoxication

General pathologies

36

35

Timofeeva et al. [48]

Talanta

2016

Basic research

PVC membrane electrode

Caffeine

Monitoring of drug
metabolizing system
activity in hepatocytes

General pathologies

15

36

Zilberman et al. [49]

Biosens. Bioelectron.

2015

Basic research

Portable optoelectronic microfluidic
sensor

Ammonia and
carbon dioxide

Oncology (screening of
stomach cancer)

General pathologies

18

Diagnosis of Streptococcus
pyogenes infections

General pathologies

46 *

37

Ahmed et al. [50]

Anal. Chem.

2013

Basic research

Impedimetric sensors

Pathogenic
microorganisms
(Streptococcus
pyogenes)

38

Wignarajah et al. [51]

Anal. Chem.

2015

Basic research

Multiplex colorimetric biosensor

Pathogenic
microorganisms
(Porphyromonas
gingivalis proteases)

Diagnosis of chronic
periodontal disease

Oral Pathologies

18

39

Hoyos-Nogués et al. [52]

Biosens. Bioelectron.

2016

Basic research

Peptide-based biosensor (hLf1-11)

Pathogenic
microorganisms
(Streptococcus
sanguinis)

Inflammatory implant
diseases

Oral Pathologies

16

40

Xue et al. [53]

Sensors (Basel)

2014

Basic research

Immunoassay utilizing
microchannels within a
multicapillary glass plate

Pathogenic
microorganisms
(detection of viral
antibodies)

Diagnosis of viral
infections

General pathologies

8

41

Jin et al. [54]

Biosens. Bioelectron.

2018

Cross-sectional study

Microfluidic system (SLIM)

Pathogenic
microorganisms
(bacteria and
viruses)

Ultrasensitive pathogen
detection

General pathologies

1

42

Zaitouna et al. [55]

Anal. Chim. Acta

2015

Basic research

Electrochemical peptide based
sensor enhanced with extra amino
acids

Anti-HIV
antibodies

Human Immunodeficiency
Virus (HIV)

General pathologies

7

43

Song et al. [56]

Anal. Chim. Acta

2018

Cross-sectional study

3DN-CNTs sensor

Cyfra 21-1

Oncology (diagnosis of oral
squamous cell carcinoma)

General pathologies

1

44

Chen et al. [57]

Anal. Chim. Acta

2014

Basic research

Fluorescent biosensor

c-erbB-2 oncogene
tumor marker

Oncology (early breast
cancer diagnostic)

General pathologies

18 *

45

Cho et al. [58]

ACS Nano

2012

Basic research

Surface-enhanced fluorescent optical
sensor

Vascular
endothelial growth
factor-165
(VEGF165)

Oncology (early cancer
diagnostic)

General pathologies

87 *

46

Yu et al. [59]

Anal. Chem.

2014

Basic research

Capillary-based 3D
fluoroimmunosensor

Carcinoembryonic
antigen

Oncology (early cancer
diagnostic)

General pathologies

30
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Table 1. Cont.
No

Authors

Publication

Year

Type of Paper

Sensor

Determined
Compounds

Purpose of Determination

Indication

Number of
Times Cited

47

Machini et al. [60]

Biosens. Bioelectron.

2016

Basic research

Electrochemical sensor using
binuclear oxo-manganese complex

Acetazolamide

Detection of
doping-associated
substances

Pharmacology

5

Ampicillin

Determination of optimal
therapeutic concentration
and the most effective
method of drug
administration

Pharmacology

12

Orexin A

Detection and
quantification of orexin A

General pathologies

7

48

Yu et al. [61]

Talanta

2018

Basic research

Electrochemical aptamer-based
sensor (E-AB)

49

Hagen et al. [62]

ACS Chem. Neurosci.

2013

Basic research

Electronic based (FET) biosensor

* Articles available only in the Google Scholar database.

Table 2. The characterization information on the sensors from the final eligible papers.
No

Authors

Determined
Compounds

Sensor

Method of Detection

1

Ye et al. [16]

Glucose

CuO nanoneedle/graphene/carbon nanofiber
modified glassy carbon electrode

Amperometric detection

2

Li et al. [17]

Glucose

Electrochemical sensor using anodized cupric
oxide nanowires

Electrochemical detection

3

Wang et al. [18]

Glucose

Core-shell IrO2 @NiO nanowires

4

Du et al. [2]

Glucose

5

Arakawa et al. [19]

Glucose

Limit of Detection

Selectivity

Sensitivity

N/A †

N/A

0.3/µM

N/A

2217.4/µA·cm

Electrochemical detection

0.31 µM

N/A

Screen-printed sensor chip

Amperometric detection

1.1–45 mg/dL

N/A

1539.0 µA·mM

Mouthguard glucose sensor

Electrochemical detection

5 mmol/L

N/A

Colorimetric evaluation using
an RGB sensor

24.6 mg/dL

N/A

912.7 A·mM

1· cm 2

6

Soni et al. [20]

Glucose

Paper based sensor and smartphone
RGB analysis

7

Dominguez et al. [21]

Glucose

Spectrophotometric detection

Colorimetric evaluation using
an RGB sensor

0.17 mg/dL

N/A

8

Anderson et al. [22]

Glucose

Colloidal AgNPs/MoS2-based nonenzymatic
glucose biosensor

Electrochemical detection

0.03 µM

N/A

9

Bell et al. [23]

Glucose

Randomly oriented CuO nanowire networks

Amperometric detection

0.05 mM Glucose (Gl)
at +0.6 V

N/A

10

Velmurugan et al. [24]

Glucose

CuO modified screen printed carbon
electrode (SPCE)

Electrochemical detection

0.1 µM

N/A

11

Kim et al. [25]

Glucose

Molecularly imprinted polymer binding on a
conducting polymer layer

Potentiometric measurements

1.9 (±0.15) ⇥ 10

7

M

N/A

N/A

2

mM

1

1 ·cm 2

N/A
0.0012 pixels s

1 /mg·dL 1

N/A
9044.6 µA·mM

1 ·cm 2

0.1 nA/mM Gl in the 0–7 mM
Gl range and 2.1 nA/mM Gl
above 7 mM Gl
308.71 µA·mM
N/A

1

cm

2
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Table 2. Cont.
No

Authors

Determined
Compounds

Sensor

Method of Detection

Limit of Detection

Selectivity

Sensitivity

12

Dutta et al. [26]

Glucose

Methylene blue, hydrazine and
platinum nanoparticles

Oxidation current
measurements

2.2 pg/mL

N/A

N/A

13

Santana-Jiménez et al. [27]

Glucose

Paper-based sensors

Naked-eye detection

47 µM

N/A

1.81 A.U./mg

Surface plasmon resonance

49 pg/mL

N/A

162 RU.mL/ng

80 pg/mL

N/A

685 pg/mL

14

Mitchell et al. [28]

Cortisol

Surface plasmon resonance (SPR)
immunosensor

15

Pires et al. [29]

Cortisol

Chemiluminescent organic-based
immunosensor

Organic photodetection

16

Usha et al. [30]

Cortisol

Lossy mode resonance-based fiber optic

Fiber optic real-time detection

25.9 fg/ml

N/A

N/A

Cortisol and cortisone

Surface plasmon resonance
(SPR) immunosensor

Surface plasmon resonance

Cortisol: 4 µg·L 1
Cortisone: 10 µg·L 1

N/A

N/A

N/A

N/A

N/A

17

Frasconi et al. [31]

18

Ballesta Claver et al. [32]

Blood lactate

Electrochemiluminescent biosensor

Electrochemiluminescence
detection

19

Kim et al. [33]

Uric acid

Screen-printing technology on a flexible
polyethylene terephthalate substrate

Potentiometric measurements

N/A

350 µM

1.08 µA/mM

20

Ciui et al. [34]

N-epsilon
(carboxymethyl)lysine
(CML)

Cavitas electrochemical sensor in mouthguard

Electrochemical detection

0.81 µM

N/A

N/A

21

Lee et al. [35]

Salivary proteins

Molecularly imprinted thin films

Quartz crystal
microbalance detection

0.1 mg/mL

N/A

N/A

1

N/A

N/A

22

1

Attia et al. [36]

Salivary proteins

Nano-optical sensor

Spectrofluorimetric detection

23

Mohseni et al. [37]

Matrix
metalloproteinases
(MMP-9)

Carboxymethyldextran hydrogel sensor chip
with immobilized monoclonal
MMP-9 antibodies

Surface plasmon resonance

8 pg/mL

N/A

High (recovery rate of ~94%)

24

Ritzer et al. [38]

Matrix
metalloproteinases
(MMP-1, MMP-8,
MMP-9)

Diagnostic chewing gum

Peptide sensors

N/A

N/A

N/A

25

Wang et al. [39]

Human serum albumin

Homogeneous fluorescent sensor

Fluorescence resonance
energy transfer

3.9 ng/mL

N/A

N/A

26

Gorodkiewicz et al. [40]

Cystatin

Surface Plasmon Resonance Imaging
(SPRI) biosensor

Surface Plasmon
Resonance Imaging

0.1 µg/mL

N/A

N/A

27

Gorodkiewicz et al. [41]

Cathepsin D (CatD) and
cathepsin E (CatE)

Surface plasmon resonance imaging
(SPRI) biosensor

Surface Plasmon
Resonance Imaging

N/A

N/A

28

Gorodkiewicz et al. [42]

Cathepsin G

Surface plasmon resonance imaging
(SPRI) biosensor

Surface Plasmon
Resonance Imaging

0.23 ng/mL

N/A

High (recovery rate of 100%)

29

Wei et al. [43]

IL-8 mRNA and
IL-8 protein

Electrochemical (EC) sensor

Electrochemical detection

IL-8 mRNA 3.9 fM
and IL-8 protein: 7.4
pg/mL

~90%

~90%

5.7 ⇥ 10

mol/L

0.12 ng mL

1
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Determined
Compounds

Sensor

Method of Detection

Limit of Detection

Selectivity

Sensitivity

30

Majidi et al. [44]

Tryptophan

Two ultrasensitive electrochemical sensor
and aptasensor

Electrochemical detection and
Electrochemical
impedance spectroscopy

N/A

N/A

31

Puchnin et al. [45]

Potassium iodine (KI)

Calixarene tubes

Ion-selective field effect
detection

MWCNT-AuSPE: 3.6
⇥ 10 10 mol L 1 and
Apt-MWCNT-AuSPE:
4.9 ⇥ 10 12 mol L 1

N/A

N/A

32

Minami et al. [46]

Nitrate

Organic field-effect transistors

Organic field-effect detection

N/A

High (recovery rate of 97.4 ±
1.8%)

33

Hassan et al. [47]

Thiocyanate

Potentiometric membrane sensor

Potentiometric measurements

mol/L

N/A

34

Zheng et al. [1]

Silver and mercury

Sandwich-structured SERS probe with a gold
nanohole array pattern

Surface-enhanced Raman
scattering detection

0.17 nM of Silver
2.3 pM of Mercury

57.5 ± 0.5 mV decade

N/A

N/A

35

Timofeeva et al. [48]

Caffeine

PVC membrane electrode

Flow potentiometric
measurements

36

Zilberman et al. [49]

Ammonia and carbon
dioxide

Portable optoelectronic microfluidic sensor

Optoelectronic detection

N/A

37

Ahmed et al. [50]

Pathogenic
microorganisms
(Streptococcus pyogenes)

Impedimetric sensors

Impedance-based
electrochemical
measurements

N/A

High
(4% charge
transfer resistance)

N/A

38

Wignarajah et al. [51]

Pathogenic
microorganisms
(Porphyromonas gingivalis
proteases)

Multiplex colorimetric biosensor

Colorimetric detection

HNE: 1 pg/mL
Cathepsin G: 100
fg/mL

N/A

N/A

39

Hoyos-Nogués et al. [52]

Pathogenic
microorganisms
(Streptococcus sanguinis)

Peptide-based biosensor (hLf1-11)

Electrochemical impedance
spectroscopy

N/A

3.85 ± 1.3 kW per bacteria
concentration decade

40

Xue et al. [53]

Pathogenic
microorganisms
(detection of viral
antibodies)

Immunoassay utilizing microchannels within
a multicapillary glass plate

Fluorescence detection

0.05 ng/mL

N/A

High (recovery ratio between
93.7%–112.2%)

41

Jin et al. [54]

Pathogenic
microorganisms
(bacteria and viruses)

Microfluidic system (SLIM)

Isothermal optical detection

N/A

N/A

78.6%

42

Zaitouna et al. [55]

Anti-HIV antibodies

Electrochemical peptide-based sensor
enhanced with extra amino acids

Electrochemical detection

1 nM

N/A

Selectivity factor: 7.8

43

Song et al. [56]

Cyfra 21-1

3DN-CNTs sensor

Fluorescence detection

0.5 ng/mL

N/A

N/A

44

Chen et al. [57]

c-erbB-2 oncogene
tumor marker

Fluorescent biosensor

Fluorescence detection

20 fM

High
(discrimination
factor ~ 1)

RSD = 1.46% (n = 8)

45

Cho et al. [58]

Vascular endothelial
growth factor-165
(VEGF165)

Surface-enhanced fluorescent optical sensor

Fluorescence detection

25 pg/mL

N/A

N/A

46

Yu et al. [59]

Carcinoembryonic
antigen

Capillary-based 3D fluoroimmunosensor

Fluorescence detection

0.2 ng/mL

N/A

High (recovery ratio between
92.82%–118.81)

~3⇥10

8

M

45 ppb
5.6 ⇥ 10

6

1.2 mg

1L

8.6 ⇥ 102 CFU·mL

N/A

52 ± 1 mV dec

1

1

N/A

1
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Sensor
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47

Machini et al. [60]

Acetazolamide

Electrochemical sensor using binuclear
oxo-manganese complex

Electrochemical detection

48

Yu et al. [61]

Ampicillin

Electrochemical aptamer-based sensor (E-AB)

Electrochemical aptamer
detection

49

Hagen et al. [62]

Orexin A

Electronic based (FET) biosensor

Field-effect detection

†

N/A = non-applicable/not available information.

Limit of Detection

Selectivity

Sensitivity

N/A

N/A

ACV: 1 µ
MSWV: 30 µM

N/A

N/A

sub-picomolar levels

N/A

N/A

4.76 ⇥ 10

9

mol L

1
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4. Discussion
As revealed by the present literature review, the attention given to the applicability of biosensors
for salivary determinations has increased in the recent years. The applications of these diagnostic tools
have a wide spectrum, from general pathologies to dentistry and pharmacology.
4.1. Biochemical Metabolic Compounds
4.1.1. Glucose
In the recent medical literature, there is a growing interest in metabolic products in saliva for
monitoring the treatment effectiveness in various pathologies. The main focus was on the identification
and quantification of glucose for monitoring diabetes. At the moment, the regular monitoring of blood
glucose in diabetic patients involves the finger prick test, which is not only painful but also has been
linked to major scarring in the fingers. Saliva, on the other hand, is easily collected without any of the
aforementioned disadvantages. Furthermore, a strong correlation has been established between blood
and the salivary levels of glucose in healthy patients, as well as in patients suffering from diabetes
mellitus type 1 and 2. Thus, saliva could be an alternative biological fluid suitable for the monitoring
of diabetes [2,63,64].
The use of sensors for detecting salivary glucose was reported in 2013 by Ye et al. who developed a
CuO nanoneedle/graphene/carbon nanofiber modified glassy carbon electrode biosensor. The sensor
was tested on saliva collected from healthy volunteers, and the findings indicated a rapid response as
well as a high sensibility (minimum detection limit of 912.7 AmM 1 cm 2 ) and repeatability [16].
Other glucose-detecting sensors were developed by Li et al. in 2015 (electrochemical sensor
using anodized cupric oxide nanowires, which was tested for calibration against serum glucose
concentration), by Wang et al. in 2016 (core-shell IrO2 @NiO nanowire), and by Du et al. in 2016
(a screen-printed sensor chip) [2,17,18].
A novel idea was the development of a constant-monitoring sensor designed for detecting surges
of glucose intake in a patient over a set period of time. In that regard, Arakawa et al. proposed a
sensor encased in a mouthguard wearable over a longer period of time. The mouthguard included a
platinum and silver/silver chloride electrode, with glucose oxidase (GOD) immobilised by entrapment
with Poly (MPC-co-EHMA) glucose sensor and a wireless transmitter. The mouthpiece was tested on
a phantom jaw, using artificial saliva, a proved high sensitivity, and the ability to detect glucose in
concentrations ranging from 5 to 1000 mmol/L [19].
Another personal-use device was developed by Soni et al. as a paper-based enzymatic sensor and
a smartphone auxiliary device in order to reduce the dependability of expensive auxiliary devices for
glucose determination in saliva. The paper-based sensor was designed to change colour in contact
with glucose, the saturation being directly proportional to the concentration of glucose in the sample.
Afterwards, the sensor was scanned with a special RGB-analysing software through a smartphone
camera. The system was tested on both healthy and diabetic subjects, and a strong correlation between
the salivary and blood glucose was reported (0.44 in healthy subjects, 0.64 in prediabetic patients,
and 0.94 in diabetic patients) [20].
Other biochemical sensors for glucose included spectrophotometric detection using a low-cost
colorimeter (Dominguez et al. 2017) [21]; using a colloidal AgNPs/MoS2-based nonenzymatic glucose
biosensor (Anderson et al. 2017) [22]; tested on both saliva and sweat with similar performances; using
randomly oriented CuO nanowire networks (Bell et al. 2017) [23]; using CuO-modified screen-printed
carbon electrodes (SPCE; Velmurugan et al. 2017) [24]; using molecularly imprinted polymer binding
on a conducting polymer layer (Kim et al. 2017) [25]; tested on both saliva and blood, methylene
blue, hydrazine and platinum nanoparticles (Dutta et al. 2017); and using paper-based sensors
(Santana-Jiménez et al. 2018) [26,27], standing to prove a high interest in the development of these
medical devices.
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4.1.2. Cortisol and Cortisone
Cortisol is known to be a steroid hormone correlated with the stress levels, as well as other
pathologies, such as Cushing’s syndrome and Addison’s disease. A directly proportional correlation
was established between the circadian variations of cortisol concentration in blood and saliva, which
led to the development of sensors able to detect and quantify cortisol salivary levels [28,65,66].
The first biosensor able to detect cortisol was developed by Mitchell et al., as a surface plasmon
resonance (SPR) immunosensor. After being tested on both a buffer solution and on human saliva
from healthy volunteers the sensor was proved to be highly sensitive (lower detection limit of
162 RU.mL/ng) [28].
Another SPR immunosensor was used by Frasconi et al. for the detection of both cortisol and
cortisone. The sensors had a low response time (15 20 min), a high reusability (up to 100 times), and a
low detection limit (3 µg L 1 ). The sensor was tested on both saliva and urine, using the proposed
method and a reference liquid chromatography/tandem mass spectrometry method. [31].
Two other biosensors were used for the detection of cortisone by Pires et al. in 2014 (a
chemiluminescent organic-based immunosensor) and by Usha et al. in 2017 (a lossy mode
resonance-based fiber optic) [29,30].
4.1.3. Other Biochemical Metabolic Compounds
Ballesta Claver et al. used an electrochemiluminescent biosensor for the detection of blood
lactate in critical-state patients for preventing heart attacks in patients with diabetes mellitus in sports
medicine as well as for food analysis [32].
A screen-printing technology on a flexible polyethylene terephthalate substrate was reported
by Kim et al. for the detection and quantification of uric acid. The sensor was included in a
wearable mouthguard connected to a wireless device through Bluetooth for data collection. The sensor
was reported to have high selectivity (detection of 350 µM of uric acid in a solution with relevant
physiological interferents), sensitivity (1.08 µA/mM), and stability; moreover, the idea of extending
this continuous monitoring to other metabolites or substances was iterated [33].
Lastly, an electrochemical biosensor mounted on a mouthguard used for the monitoring of an
advanced glycation end product, N-Carboxymethyl-lysine, was proposed by Ciui et al. The sensor
proved high selectivity and sensitivity in a phosphate buffer with a limit of detection of 166 ng/mL
(equivalent to 0.81 µM) over a range of 0.5–2500 µg/mL (equivalent to 2.45 µM–12.24 mM) of
N-Carboxymethyl-lysine. Thus, the sensor proved a good reproducibility and a good selectivity against
interferences from normal salivary constituents within physiological values. The short timescale
required for the measurements, a long storage stability, and the ease of use are important advantages
of the new mouthguard sensor [34].
4.2. Proteinases And Other Proteins
Salivary proteins have a major role in the digestive function of saliva. The concentration and
activity of salivary amylase, one of the main components involved in oral digestion, has been correlated
with the oral cancer, tobacco use, and cardiovascular disease. Hence, over the last years there was an
increasing interest in developing sensors for salivary amylase detection and quantification. Lee et al.
developed a biosensor consisting of molecularly imprinted thin films that, after being tested on saliva
from five healthy subjects, proved an accuracy between 93.89% and 95.52% [35]. Another nano-sensor
used for salivary amylase was developed by Attia et al. The sensors were applied on different
starch-containing foods and showed high sensitivity (detection limit of 5.7 ⇥ 10 11 mol/L 1 ) [36].
Matrix metalloproteinases (MMP) are endopeptidases known for their ability to physiologically
or pathologically cleave the components of the connective tissues. These enzymes, when activated by
bacterial pathogens, have been linked to the destruction of periodontal soft tissues in periodontitis; the
increase in collagenases salivary levels has been demonstrated to occur before the structural damage,
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allowing for an early diagnosis [37,38]. In this regard, a surface plasmon resonance immunosensor has
been developed by Mohseni et al. in 2016 based on a carboxymethyldextran hydrogel sensor chip with
immobilized monoclonal MMP-9 antibodies for the detection of MMP-9. The sensor was tested on
healthy saliva with different protein concentrations (10 200 ng/mL), revealing that the final device
had a detection limit of 8 pg/mL [36].
Another sensor for detecting MMP-1, MMP-8, and MMP-9 was proposed by Ritzer et al.
as particle-bound protease cleavable linkers, delivered as a diagnostic chewing gum, used for the early
detection of peri-implantitis. The sensor was designed to cleave in the presence of MMPs, releasing a
strongly bitter taste. The device was tested on 33 patients (14 healthy and 19 patients with signs of
mucositis/peri-implantitis), and the reaction was significantly different in the two groups after both a
5 10 min. incubation (1.5 ± 0.8% versus 4.2 ± 3.34%) and a 60 min. incubation (7.6 ± 4.4% versus
17.1 ± 11.1%) [38].
Human serum albumin (HSA) is the most abundant protein in the human body, accounting for
approximately 60% of the total plasma proteins. Under pathological conditions, such as stomatitis
associated with chemotherapy or type 2 diabetes, the salivary concentrations of HSA rise above the
normal 0.5 g/L [39,67]. Hence, the direct detection of HSA concentration in saliva using a homogeneous
fluorescent sensor has been proposed by Rongsheng et al. This device was tested on saliva samples
from healthy volunteers, aged between 18 and 65 years, and a detection time between 40 and 50 min.
was reported. Furthermore, no cross-reactivity was observed against other plasma proteins, such as
human insulin, human C-reactive protein (CRP), or human IgG [31].
Cystatins are a family of proteins implied in regulatory and protective processes in the body. Their
quantification in human blood and urine was used for the diagnosis of several diseases (cancer, kidney
failure), whereas a low concentration in human saliva (normal values between 0.36 and 4.8 µg/mL)
may indicate a predisposition to caries or the presence of active carious processes [40,68]. Gorodkiewicz
et al. proposed a surface plasmon resonance imaging (SPRI) biosensor for the detection of cystatin in
blood, saliva, and urine. The sensor was tested on six saliva samples, alongside blood plasma and
urine, and detected the protein in all samples with concentrations within the normal physiological
limits [32].
Gorodkiewicz et al. also proposed a second SPRI immunosensor for the detection of cathepsin D
(CatD) and cathepsin E (CatE), as well as a third sensor for the detection of cathepsin G (CatG) [41,42].
CatD and CatE are aspartic peptidases, and their increased concentrations are a prognostic marker of
cancer. The selectivity of the SPRI immunosensor was tested against cathepsin B (CatB); the sensor
was not influenced by the presence of CatB, even if the concentration was increased 1000-fold [33].
CatG plays a role in the early immune response, as well as in coagulation and normal tissue
degradation. An increased activity of CatG was associated with obstructive pulmonary disease, cancer,
or emphysema [42,69]. The developed SPRI immunosensor used a specifically synthesised CatG
inhibitor, MARS-115, which showed no response to other cathepsins. The sensor was tested for six
saliva samples and accurately identified and quantified the peptidase [34].
An electrochemical sensor for the early detection of oral cancer was proposed by Wei et al.,
focusing on the salivary biomarkers interleukin (IL)-8 mRNA and IL-8 protein. After being tested on
both oral cancer patients and healthy subjects, good specificity was proven through amperometric
detection (IL-8 mRNA: 904 nA versus S100A8: 103 nA current; IL-8 protein: 298 nA versus IL-1 h
protein: 50 nA) [43].
Lastly, the detection of L-tryptophan, a standard amino acid, was reported by Majidi et al., using
two screen printed electrodes modified with a multiwall carbon nanotube (MWCNT-AuSPE) and
then armed with Trp aptamer molecules (Apt-MWCNT-AuSPE). The sensors were tested against
interferants (amino acids, glucose, and heavy metal ions), but the sensors produced no overlapping
signals, even if the physiological concentrations exceeded by twenty-five fold [44].
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4.3. Miscellaneous Chemical Compounds
The detection and monitoring of potassium iodine (KI) in saliva using a calixarene-based tubes
ISFET (ion-selective field effect transistor) system was proposed by Puchnin et al., considering the
high concentration of the drug in the salivary glands. The ISFET sensor modified with self-assembly
Calixtube Monolayers allows the formation of inclusion complexes with KI, proving the specific
discrimination between KI and other iodides due to the specific dimension of the molecule. The sensor
detects the KI not the cation or the anion. KI is used for the treatment of dermatological inflammatory
diseases. The sensor was tested for selectivity in artificial saliva, both spiked with KI and KI-free,
proving distinctive responses in both situations. The detection limit was approximately 3 ⇥ 10 8 M,
showing promises for clinical applications [45].
Minami et al. developed a nitrate biosensor based on the extended-gate type organic field-effect
transistor. Nitrate can be found as an additive in processed food; it is also used for the prevention
of cardiovascular disease. A high intake of this substance can cause different forms of cancer [46,70].
The sensor was applied on diluted human saliva, obtained from a healthy volunteer, in order to test its
specificity. The recovery for the added nitrate solution was estimated at 97.4 ± 1.8%, comparable to
other commercially available colorimetric-based devices [38].
A potentiometric membrane sensor was designed by Hassan et al. for the detection of thiocyanate,
a compound excreted in urine and saliva and considered a biomarker for smokers and non-smokers.
The sensor was tested on saliva and urine samples from both smokers and non-smokers and proved
low detection limits (5.6 ⇥ 10 6 mol/L) and a rapid response time (10 s) [47].
Another sensor was developed for the detection of silver and mercury by Zheng et al.
The sandwich-structured SERS probe with a gold nanohole array pattern proved a limit of detection
for silver of 0.17 nM and a limit of detection for mercury of 2.3 pM [1].
Caffeine was identified in human saliva for the purpose of monitoring the drug metabolizing
system activity in hepatocytes by Timofeeva et al. using a PVC membrane electrode biosensor.
The device was tested on saliva provided by volunteers before and four hours after the ingestion
of a caffeine pill, and it was proved that the normal metabolites in saliva did not interfere with the
detection process, even in excess of 100- to 200-fold. Moreover, the sensor was tested using the
already established HPLC (high performance liquid chromatography) method, showing insignificant
differences between the two methods at a 95% confidence level [48].
Lastly, Zilberman et al. reported the development of a portable optoelectronic microfluidic sensor
used for the detection of ammonia and carbon dioxide in saliva, secreted by Helicobacter pylori, used in
the screening of stomach cancer. The sensor was tested on both healthy, unaltered saliva, as well as on
saliva spiked with carbon dioxide and ammonia, showing good sensibility and selectivity [49].
4.4. Bacteria and Viruses
The direct determination of pathogens, such as bacteria and viruses, is of great importance not
only in the early diagnosis of diseases but also in the monitoring the treatment efficiency.
Ahmed et al. proposed an impedimetric biosensor for the detection of a group A Streptococcus,
S. pyogenes, incriminated for causing suppurative infections and possibly leading to streptococcal
shock-like syndrome. The sensor’s properties were tested on human saliva, spiked with S. pyogenes
(107 cells/mL), and the bacteria showed a 4% charge transfer resistance, proving a high selectivity [50].
A microfluidic system (SLIM) for the detection of both bacteria and viruses was developed by Jin
et al. The system was tested on 10 saliva samples that were previously positively diagnosed with a
herpes zoster infection by real-time PCR. All of the samples were confirmed using the SLIM system
and showed a sensitivity of 78.6% [54].
Xue et al. used an immunoassay based on microchannels within the multicapillary glass plate for
the detection of viral antibodies and the diagnosis of viral infections. Recovery trials were conducted
by adding standard h-IgA to six saliva samples collected from healthy volunteers and revealed that
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the system had a recovery ratio between 93.7%–112.2%, proving its high sensibility. Similar results
were obtained by applying the system to environmental swabs and blood plasma [53].
Zaitouna et al. used an electrochemical peptide-based sensor enhanced with extra amino acids
for the detection of anti-HIV antibodies. The peptide sensor spiked with amino acids had a selectivity
factor of 7.8 and a limit of detection of 1 nM [55].
The detection of pathogens is also relevant in the early diagnosis of inflammatory periodontal
diseases in both natural teeth and implants. Porphyromonas gingivalis proteases were determined
by Wignarajah et al. using a multiplex colorimetric biosensor for detecting the chronic periodontal
disease. The lower detection limit was reported at 1 pg/mL for HNE (Human Neutrophil Elastase)
and 100 fg/mL for Cathepsin G, and the detection speed ranged between 20 and 30 s. [51].
Lastly, Hoyos-Nogués et al.
used a peptide-based biosensor for the detection of
Streptococcus sanguinis, a pathogen linked to inflammatory diseases involving dental implants.
The sensor was tested in artificial saliva with varying concentrations of S. sanguinis, (10 to
105 CFU·mL 1 ); the limit of detection was 8.6·102 CFU·mL 1 , with a sensitivity of 3.85 ± 1.3 kW
per bacteria concentration decade [52].
4.5. Oncology Markers
The use of salivary biosensors also has applications in oncology, helping for the screening and
early diagnosis of different cancers, by the detection of biomarkers. In this regard, Song et al. reported
the development of a fluorescence-based immunosensor comprised of a hierarchical three-dimensional
network of carbon nanotubes on a Si pillar substrate (3DN-CNTs). The sensor was used for the
detection of a Cytokeratin-19 antigen (Cyfra 21-1) for the accurate diagnosis of oral squamous cell
carcinoma (OSCC). The testing was carried out on 11 saliva samples (4 healthy and 7 from patients
with OSCC), resulting in a limit of detection of 0.5 ng/mL and proving to be valid for clinical samples
between 1 and 62.5 ng/mL [56].
Another fluorescent biosensor was designed by Chen et al., for the detection of the c-erbB-2
oncogene that could be useful in the early diagnosis of breast cancer. The device was tested for
unstimulated saliva samples, with a detection limit of the oncogene of 20 fM and a small discrimination
factor (approximately 1), proving its high specificity [57].
Cho et al. developed a surface-enhanced fluorescent optical sensor for the detection of the vascular
endothelial growth factor-165 (VEGF165), a marker of cancer angiogenesis. The properties of the
biosensor were tested on eight samples of stimulated saliva and blood plasma (four healthy and four
with various forms of cancer), showing proportionate responses at VEGF165 concentrations from
25 pg/mL to 25 µg/mL [58].
Lastly, Yu et al. developed a capillary-based 3-D fluoro-immunosensor capable of detecting and
quantifying the salivary levels of carcinoembryonic antigen which were involved in a wide array of
cancers, with a limit of detection of 0.2 ng/mL and a relative mean recovery rate between 92.82%
and 118.81% [59].
4.6. Drugs
The determination of drug intake using salivary biosensors could be useful for detecting illicit
drugs intake. Machini et al. developed an electrochemical sensor based on a binuclear oxo-manganese
complex for the detection of acetazolamide, a drug associated with doping in sports. The sensor testing
in saliva samples revealed a detection limit of 4.76 ⇥ 10 9 mol·L 1 and maximum recovery errors of
+2%, similar to the ones obtained in blood plasma and urine [60].
Biosensors and the determination of different compounds in saliva can also be applied in
pharmacology for the evaluation of the efficiency of a treatment or the need for dosage adjustments.
Yu et al. developed an electrochemical aptamer-based sensor for the detection of ampicillin in different
biological fluids, including saliva. Ampicillin determination could be useful for determining the correct
therapeutic concentration and the best way of administration. The sensor’s response was evaluated
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using two techniques: alternating current voltammetry (ACV) and square wave voltammetry (SWV),
and the limit of detection varied from 1 µM (ACV) to 30 µM (SWV) [61].
4.7. Neurotransmitters
The detection of orexin A, an indicator used in the assessment of cognitive performance and
fatigue, was accomplished by Hagen et al. using an electronic based (FET) biosensor. The compound
was detected at concentrations of 10 fM in human saliva specimens and serum with the lowest detection
limit established at sub-picomolar levels [62].
4.8. Future Perspectives
Considering the substantial data obtained through fundamental research on existing biosensors,
several future perspectives can be drawn on these medical devices. Sensors need to be easily
manufactured, at a low price, in order to be available to the wide population. Moreover, salivary
biosensors need to be miniaturised and integrated in medical devices, such as mouthguards, or even
included in dental prosthesis, dental restorations, or tooth surface retentions. However, this idea raises
a few questions. Firstly, the mechanical retention of the device needs to be investigated and a correct
long-term protocol for the adhesion of the sensor must be elaborated. Several steps may be necessary
for the preparation of the teeth or prosthodontics pieces, such as the etching of the desired surfaces or
the creation of micro-retentions using a sandblaster or burs. Secondly, the interference of food intake
and microbiome with the readings must be controlled, as it may influence the data interpretation.
Furthermore, the analysis of results has to exclude or take into account the oral pathology which can
influence these dates recorded by salivary biosensor. Lastly, the durability and lifespan of the devices
must be established in order for the medical personnel to plan the replacement of the sensor.
Wireless transmission of the data has already been achieved using Bluetooth connections.
In theory, this could enable a continuous flow of the recorded information to already widespread and
available mobile devices, allowing for a continuous monitoring by the patient or medical personnel.
Such a large amount of data could be easily interpreted by doctors and alerts could be transmitted in
real time as spikes in the normal readings. This would allow for the evaluation of drugs administration
plans, the assessment of treatment efficiency, and the analysis of lifestyle.
Lastly, given the complex composition of saliva and its importance to the homeostasy of the
oral cavity, further research might be needed in order to develop biosensors for all its components
(Table 3) [71,72].
Table 3. The main salivary constituents and the biosensors developed for their determination.
Category

Compounds

Electrolytes

Sodium
Potassium
Calcium
Magnesium
Phosphate
Iodine
Chloride
Bicarbonate

Mucus

Mucoplysaccharides
Glycoproteins

Antibacterial compounds

Thiocyanate
Hydrogen peroxide
Immunoglobulin A
Immunoglobulin G
Immunoglobulin M
Limphocytes
Monocites

Yes

No
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
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Table 3. Cont.
Category

Compounds

Enzymes

↵-amylase
Lipase
Kallikrein
Lysozyme
Lactoperoxidase
Lactoferrin

Cells

Desquamated epithelial cells
Bacteria

Nitrogenous products

Urea

Yes

No

x
x
x
x
x
x
x
x
x

Uric acid

x

Ammonia

x

Glucose

x

Amino acids
Glucides

x

Epidermal growth factors
Proteins

x

5. Conclusions
As shown in the present literature review, a great number of studies focused on the development
of easy-to-use sensors with applicability on saliva, useful for general medicine, dental care,
and pharmacology. As underlined by the authors, further clinical trials are required prior to the
applicability of biosensors to the wide population. Furthermore, given the individual variations in
salivary compounds, the need of setting a baseline for each patient should be analyzed.
Regarding the devices developed for long-term patient surveillance, such as mouthguards,
clinical studies should investigate the potential toxic effects of the materials or of the sensors
themselves. Even though biocompatible materials are being used by developers and researchers,
further investigations should be conducted to prove that the device is suitable to be worn in the
oral cavity.
As technology progresses, the high number of compounds that can be reliably detected in saliva
is expected to increase. This could enhance the clinical applicability, provide reliable diagnostic or
screening tools for the doctors, and improve the patients’ quality of life.
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Abstract
The aim of this study was to assess the osseointegration of two series of titanium (Ti) scaffolds with 0.8 and 1 mm cell size
obtained by Selective Laser Melting (SLM) technique. One of the series had the Ti surface unmodiﬁed, while the other had
the Ti surface coated with silicon-substituted nano-hydroxyapatite (nano-HapSi). The scaffolds were implanted in the femur
bone defects of 6 White Californian male rabbits: three animals were implanted with 0.8 mm cell size scaffolds and three
animals with 1 mm cell size scaffolds, respectively. The bone fragments and scaffolds harvested at 2, 4 and 6 months were
histologically analyzed using conventional light microscopy (LM) and scanning electron microscopy (SEM) for the
qualitative evaluation of the bone tissue formed in contact with the scaffold. Both LM and SEM images indicated a better
osseointegration for nano-HapSi coated Ti scaffolds. LM revealed that the compact bone formed in the proximity of nanoHapSi-coated scaffolds was better organized than spongy bone associated with unmodiﬁed scaffolds. Moreover, Ti scaffolds
with meshes of 0.8 mm showed higher osseointegration compared with 1 mm. SEM images at 6 months revealed that the
bone developed not only in contact with the scaffolds, but also proliferated inside the meshes. Nano-HapSi-coated Ti
implants with 0.8 mm meshes were completely covered and ﬁlled with new bone. Ti scaffolds osseointegration depended on
the mesh size and the surface properties. Due to the biocompatibility and favorable osseointegration in bone defects, nanoHapSi-coated Ti scaffolds could be useful for anatomical reconstructions.
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Graphical Abstract

1 Introduction
There are increasing demands for metal implants that could
shorten the therapeutic and hospitalization periods and
increase the treatment success rate for patients with poor
bone quality. Metal implants such as 316 L stainless steel,
cobalt–chromium (Co–Cr) alloys and titanium (Ti) based
materials have the greatest potential for long-term orthopedic and dental applications due to their good mechanical
properties and resilience compared to alternative biomaterials (polymers, ceramics) [1]. Particularly, Ti offers good
biocompatibility and excellent mechanical properties [2–4].
Despite the successful outcomes, the surface activation of Ti
implants is a key factor for rapid and stable bone tissue
integration [5, 6]. The surface treatments (superﬁcial conditioning with different compounds, mechanical treatments,
anodic oxidation [7], chemical or mechanical etching [5, 8],
application of simvastatin [9] and coating with various
materials (hydroxyapatite (Hap), titanium oxide [9–11]),
promote bone regeneration and improve implant
osseointegration.
In vitro observations of cells development on the Ti
reconstructions with nanostructures coating show promising
results [12–15]. Some in vivo studies concluded that the
integration of the nanostructures coated implants had a
better osseointegration than the uncoated ones [12, 15]. A
problem that occurred in some cases seemed to be the
method by which the nanostructures were applied on the
surface of the Ti reconstructions. On the other hand, there
also were some studies that did not ﬁnd a signiﬁcant difference between the coated implants and the controls [11,
16]. However, some modiﬁcations may diminish the
mechanical properties, resulting in surface micro-cracks and
increased corrosion rates, which may affect the surrounding

cells and tissues. Consequently, the biocompatibility of
orthopedic or dental metallic implants could be signiﬁcantly
enhanced using bioceramics as coating materials. Synthetic
nano-Hap mimics the composition of natural bone due to
biocompatibility, low cytotoxicity and appropriate
mechanical properties [17, 18].
Several conventional methods for obtaining solid and
porous Ti based materials were described, including: casting, space holder technology, foaming and powder metallurgy; but these methods are time, material and energy
consuming [19]. Recently, advanced technologies such as
selective laser melting (SLM) and additive manufacturing
allows the design and manufacturing of complex shape
parts in a simple, fast and efﬁcient way [4, 8].
The literature data on the inﬂuence of Ti scaffolds pore
size on the osseointegration process are controversial. The
in vitro studies on human osteoblasts showed that cells
migration into the pores of nickel-titanium (Ni-Ti) alloy
scaffolds were better in small sized-pores (277.2 and 337.6
μm) than in larger pores (566.5 μm) [20]. Similarly, the
studies on human osteoblasts with smaller pores (400–620
μm and pyramidal scaffolds design) exhibited the highest
metabolic activity and ingrowth compared to higher pores
(700 × 700 μm and cubic scaffolds design and 400–1000 μm
and diagonal scaffolds design) [21]. Contrary, an in vivo
study showed that higher pore size and higher Ti scaffolds
porosity had positive effects on the amount of new bone
growth evaluated by histomorphometric examination,
although most of the smaller pores (180 μm) were more
fulﬁlled than the larger ones (300 μm) [22]. Although the
optimum matrix size required for osseointegration was
reported as 150–600 μm, our study goal was to exceed this
upper limit in order to ﬁgure out if slight increase of pores
size assures a good bone integration of the scaffolds and if
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the pattern of osseointegration process are maintained (the
scaffolds with smaller pores have better bone integration
than the bigger ones). So, the aim of this study was to assess
the osseointegration of 2 series of Ti scaffolds with 0.8 and
1 mm meshes, with unmodiﬁed and modiﬁed surfaces,
obtained by selective laser melting technique.

2 Materials and methods
2.1 Preparation of unmodiﬁed and surface-modiﬁed
Ti scaffolds
The Ti matrices were produced by SLM process using MCP
ReaLizer II SLM 250 (SLM Solutions Holding GmbH,
Lübeck, Germany). The discs of 5 mm diameter and the cell
size unit of 0.8 and 1 mm were manufactured with 75 W
laser power, 10 µm point distance and 60 µs exposure time.
The porosity of scaffolds, calculated based on the relationship between the density of samples and the standard
bulk material, was of 76.4% for scaffolds with 0.8 mm cells
size unit and 84.5% for scaffolds with 1 mm cells size unit.
After the removal from the manufacturing platform, the
specimens were cleaned of the remaining powder by
blowing compressed air and then by immersion into distilled water for 10 min in a Fritsch Laborette 17 ultrasonic
bath (Fritsch GmbH, Idar-Oberstein, Germany). Before
implantation, the scaffolds were sterilized at 134 °C, for 35
min, using an MELAG-Vacuklav 24B + autoclave
(MELAG, Berlin, Germany).
Half of Ti scaffolds were superﬁcially-coated with
silicon-substituted nano-hydroxyapatite (nano-HapSi) (10
wt.% Si) prepared by a precipitation method [18] as follows: the scaffolds were immersed in a nano-HapSi/water
suspension (10 g/L) for 15 min and dried for 3 h, at 105 °C;
this procedure was repeated 3 times. The resulted scaffolds
were dried for 1 h at 450 °C.

2.2 Animals
The study was approved by the Ethics Committee of “Iuliu
Hațieganu” University of Medicine and Pharmacy ClujNapoca, no.165/20.04.2016 and was conducted at the
Animal Facility Laboratory. All applicable institutional and
national guidelines for the care and use of animals were
followed.
Six White Californian male rabbits were used for this
preliminary study. All the procedures performed on the
laboratory animals were according to the rules and regulations
of the European Community in as far as the care and use of
lab animals (63/2010) and the Romanian Law 43/2014
regarding the protection of animals used in scientiﬁc purposes. During the study optimal living conditions for the
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subjects were insured, adapted to their natural living environment. The animals were habited in cages according to the
regulations speciﬁed in the legislation with enough space for
the daily movement, optimal temperature and humidity conditions (standard temperature 20–24 °C, humidity 50 ± 20%).
The subjects had free access to water and their diet consisted
of granulated fodder, greens and hay. The artiﬁcial lighting
provided a cycle of 12 h of light and 12 h of darkness.

2.3 Procedure and data collection
The rabbits received Ti implants with the cell size of 0.8
mm (n = 3) and 1 mm (n = 3), respectively. For each subject, two circular bone defects in the proximal third of the
left femur were performed at a distance of 5–6 mm from
each other. To minimize the number of animals included in
the study, for each rabbit, two implants were placed in the
femur bone (one implant with unmodiﬁed Ti scaffolds and
one implant with surface-modiﬁed Ti scaffolds). Of the six
rabbits, three received scaffolds with cell size of 0.8 mm
and three with cells size of 1 mm.
General anesthesia was induced by administering an
intramuscular injection of ketamine (0.5 ml/kg) and xylazine
hydrochloride (0.25 ml/kg). Under aseptic conditions, a 2 cm
longitudinal skin incision was performed on the proximal third
of the leg. The femur bone surface was exposed by dilating the
muscular fascia between the biceps and the femoral quadriceps
and the periosteum was removed. With a sterile syringe needle, the outline of the matrix was plotted on the bone surface
and then under continuous cooling, a circular bone defect was
performed using a globular drill. The matrices were inserted
into the bone defect and ﬁxed by cerclage. Ni-Ti orthodontic
wire (Denxy Ortho, Hunan, China) with a diameter of 0.3 mm
and round proﬁle was used to make the cerclage. The wire was
inserted through the ﬁrst row of mesh scaffold and ﬁxed it by
twisting. The bone defects were not covered with any material,
the scaffolds being covered by the periosteum. The surgical
wound was sutured in two layers. Postoperatively, non steroidal anti-inﬂammatory drugs (0.2 mg Meloxicam/kg body
weight/24 h by intramuscular injection for 5 days) and antibiotics (1.8 ml Enroﬂoxacin/24 h by subcutaneous injection
for 5 days) were administered to prevent infection and to
control pain. After the surgical procedures, the rabbits were
conﬁned to cages and maintained with a regular laboratory
diet. Wound healing and recovery of limb mobility were
noticed and each animal was kept in individual cage in order
to avoid unwanted accidents.
The bone fragments and scaffolds were harvested at 2, 4
and 6 months. The rabbits were euthanized, under general
anesthesia, by intracardiac injection, using a saturated
potassium chlorine solution. Bone fragments containing
implanted matrices were harvested with 5 mm of safety
margins.
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2.4 Light microscopy and scanning electronic
microscopy (SEM)/Energy Dispersive X-Ray (EDX)
The specimens were numbered and decalciﬁed. The Ti
matrices were removed and SEM/EDX analysis was performed using a Hitachi SU8230 (Tokyo, Japan) microscope.
The electron microscope was coupled with an Aztec X-Max
1160 EDX detector (Oxford Instruments). The surrounding
bone tissue was embedded in parafﬁn, sectioned, stained
and conventional histological examination was performed
with an Olympus BX41(Tokyo, Japan) microscope using
Goldner’s trichromic and hematoxylin-eosin stain.

3 Results
3.1 Light microscopy
3.1.1 Bone repair at 2 months after implantation
After 2 months, at the intervention site, healing of the bone
defect occurred by endochondral ossiﬁcation (Fig. 1). A
zone of hyaline cartilage was formed at the interface with
the implant (Fig. 1a); this is an early stage of bone healing.
The hyaline cartilage contained numerous enlarged chondrocytes embedded into the cartilage matrix and organized
in isogenous groups (Fig. 1b). In the adjacent zone, more
advanced ossiﬁcation could be seen; trabeculae consisted of
calciﬁed cartilage matrix in the central part and bone tissue:
bone matrix, ostocytes in lacunae and osteoblasts on the
surface (Fig. 1a). The profound zones contained woven,
primary bone: thin bone trabeculae and large intercommunicating areoles with bone marrow and numerous
blood vessels. The woven bone had non-lamellar structure
and disorganized architecture. Bone trabeculae contained
large ovoid osteocytes and bone matrix with low mineral
content; on the surface of the bone trabeculae, active
osteoblasts and osteoclasts were involved in intense bone
remodeling (Fig. 1b).
3.1.2 Bone repair at 4 months after implantation
After 4 months, the bone healing at the intervention site was
complete; the newly formed bone tissue was secondary,
mature bone with a lamellar structure Moreover, at the
interface with the implant, the tissue specimens exhibited an
indented surface, which suggests that the bone tissue proliferated into the pores of the scaffold, which was a sign of
efﬁcient osseointegration. (Figs 2 and 3). However,
depending on the composition of Ti scaffolds, the bone
tissue exhibited different morphology and architecture.
At the implantation site of unmodiﬁed surface Ti
scaffolds, spongy, cancellous bone was formed (Fig. 2).

Bone trabeculae were thick and consisted of bone lamellae
with a random orientation (Fig. 2a). Within trabeculae,
resting osteocytes were smaller and ﬂattened, embedded
into the calciﬁed matrix. On the surface, both active and
resting osteoblasts could be identiﬁed, but fewer osteoclasts, hence the limited bone remodeling (Fig. 2b). The
medullary component represented by the areoles with
bone marrow occupied an important volume in the bone
tissue (Fig. 2a). Upon the detachment of the bone specimen from the implant, fragments of bone tissue were
fractured, because the spongy bone associated with the Ti
scaffolds had a low resistance (Fig. 2a).
The bone tissue associated with Ti scaffolds coated with
nano-HapSi was dense, compact bone with a cylindricallamellar architecture (Fig. 3). Bone lamellae were organized
in concentric arrays surrounding Haversian canals and
formed osteons (Fig. 3a). Within lamellae, formative
osteocytes were larger and the lacunae were surrounded by
osteoid (Fig. 3b). The medullary component, represented by
the Haversian canals was reduced compared with the
volume of the bone tissue, which was predominant.
The compact bone formed in the proximity of the Ti +
nano-HapSi scaffolds protruded into the pores of the scaffold but upon implant removal the tissue was not fractured,
suggesting a more resistant tissue structure (Fig. 3a).
In the diaphysis of the long bone, where the implants
were inserted, compact haversian bone is normally present.
Therefore, the repair process was more efﬁcient for the Ti
scaffolds coated by nano-HapSi, which induced the formation of the haversian bone, compared with the scaffolds
without nano-HapSi, which induced the formation of cancelous bone.

3.2 SEM/EDX analysis
The SEM images revealed the initial aspect of unmodiﬁed
surfaces of Ti scaffolds (Ti merged particles) and surfacemodiﬁed Ti scaffolds (Ti and nano-HapSi particles formed
at the surface of the scaffold) (Fig. 4).
Figure 5 shows the chemical composition of 0.8 mm
unmodiﬁed Ti scaffolds (calcium (Ca), Ti, oxygen (O)—
Fig. 5a) and 0.8 mm surface-modiﬁed Ti scaffolds (Ti,
carbon (C), Ca, O and phosphorus (P)—Fig. 5b) before
implantation.
3.2.1 Biocompatibility of the Ti scaffolds at 4 months after
implantation
The SEM images of scaffolds 4 months after implantation
revealed the initial attachment and cell proliferation on the
surface matrix (Fig. 6). The surface properties and the cell
size played an important role in modulating the cellular
behavior. On the unmodiﬁed Ti surfaces, the ﬁbroblast-like
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Fig. 1 Photomicrograph of the intervention site after 2 months. Tissue
harvested by detachment from the Ti scaffold with unmodiﬁed
surface and 1 mm cells size; a hyaline cartilage formed at the interface
with the implant (thin arrow) and woven bone in the profound zone

(thick arrow); b the hyaline cartilage with enlarged chondrocytes in
lacunae (dotted arrow) and thin bone trabeculae delimiting intercommunicating areoles (arrowhead); Goldner’s trichromic stain

Fig. 2 Photomicrograph at the implantation site of Ti scaffolds after
2 months. Tissue harvested by detachment from the Ti scaffold with
unmodiﬁed surface and 0.8 mm cells size; a cancelous bone containing
thick trabeculae (thin arrows) and areoles with bone marrow (thick

arrows); rupture of the bone tissue proliferated into the pores of the
scaffold (asterisk); b resting osteocytes in lacunae (dotted arrows) and
osteoblasts on the surface of the bone trabeculae (arrowheads);
Hematoxylin and eosin stain

cells proliferated between the indentations of the Ti particles
(Fig. 6a–d, i–l), whereas on the coated nano-HapSi Ti
scaffolds, the cells completely covered the surface and
extended cytoplasmic processes in close relationship with
Hap crystals (Fig. 6e–h, m–p). Additionally, the scaffolds
with pores of 0.8 mm seemed to provide more support for
the cells developing on their surface (Fig. 6i–p).

developed on the nano-HapSi coated Ti scaffolds showed
an extensive spreading, the ﬁbers were more numerous and
the tissue was more condensed inside the pores (Fig. 7e–h,
m–p), mainly in the 0.8 mm pores (Fig. 7m–p).
In the case of scaffolds 6 months implantation (Fig. 8),
beside Ti, C, Ca, O and P, the presence of nitrogen (N) and
sulfur (S) was also observed, indicating the formation of
biomolecules [23].

3.2.2 Biocompatibility of the Ti scaffolds at 6 months after
implantation
The SEM images of scaffolds 6 months after implantation
revealed ﬁbroblast-like cells showing an intense proliferation and attachment not only on the scaffolds surface, but
also inside the pores. Moreover, the extracellular matrix was
also secreted, enclosing the cells and ﬁlling in the spaces
inside the scaffolds (Fig. 7). The attachment and spreading
characteristics also varied according to the surface. The
tissue formed in the pores of the Ti scaffolds exhibited a
loose arrangement of the cells and ﬁbers. The cells that

4 Discussion
Bone is a specialized connective tissue capable to regenerate and to restore its architectural integrity after injuries.
But, when the bone defect exceeds the critical size, the
stability of the new bone is affected. Ti scaffolds provide
mechanical strength in order to maintain a stable support
and to enable the loads transmission. Ti implant ﬁxation
with new bone formation involves a cascade of cellular and
extracellular biological events and a minimum of 6 weeks to
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Fig. 3 Photomicrograph at the implantation site of Ti + nano-HapSi
scaffolds after 4 months. Tissue harvested by detachment from the Ti
+ nano-HapSi scaffold with unmodiﬁed surface and 0.8 mm cells size;
a compact bone containing osteons (thin arrows); the bone tissue

protrusions into the pores of the scaffold, without signs of rupture
(asterisk); b formative osteocytes in lacunae (dotted arrows) in concentric lamellae surrounding the Haversian canals (arrowheads);
hematoxylin and eosin stain

Fig. 4 SEM images of the
scaffolds before implantation

3 months is required for clinical healing [3]. Ti is a biocompatible material and promotes bone regeneration
because it does not inhibit cell proliferation and has
osteoconductive properties [24]. Furthermore, the materials
associated with Ti or the surface conditioning of the scaffolds could enhance the bone regenerative potential. Xie
et al. tested the Ti ﬁber reinforced composites associated
with autologous bone particles and reported an improved
osteogenic performance due to the osteocytes present in the
implants [25]. On the other hand, Antonov et al. demonstrated that porous coated Ti implants stimulated the proliferation and the osteogenic differentiation of the
mesenchymal stem cells; the autologous osteoprogenitor
cells loaded onto porous Ti implants could stimulate the
bone healing around the implant and the osseointegration
[26]. This may be an alternative to the autologous and

allogenic bone grafts. Yoo et al. proposed bioactive Ti
implants obtained by the conjugation of a synthetic peptide
similar to the bone morphogenetic protein-2 to the surface
of a Ti alloy. Their results indicated that the peptideconjugated surfaces enhanced the rate of bone growth,
mainly in the initial phase of bone healing [3]. However,
obtaining autologous mesenchymal stem cells for loading
the implants is laborious; therefore the use of biochemical
modiﬁcations of the Ti surfaces. The results of our preliminary study were consistent with other studies that
reported a good integration of the implants with the surface
enriched with Ca ions, such as the nanostructured Caincorporated implants placed in the human jaw bones.
Mangano et al. examined the interface between the human
bone tissue and the nanostructured calcium-incorporated
surface of an implant placed in the posterior maxilla, after
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Fig. 5 EDX spectra before implantation. a 0.8 mm unmodiﬁed Ti scaffolds and b 0.8 mm surface-modiﬁed Ti scaffolds

Fig. 6 SEM images of the
scaffolds 4 months after
implantation. a, e, i, m scaffolds
surfaces partially covered by
ﬁbroblast-like cells (asterisks);
b–d, j–l cells proliferating
between the Ti particles
(arrowheads); f–h, n–p ﬂattened
cells with cytoplasmic processes
attached to the scaffolds surfaces
(thin arrows)

the traumatic mobilization of the implant. After 1 month,
the surface was completely covered by trabecular bone
ﬁrmly anchored to the implant [27].
The implants’ surface topography and texture also inﬂuence the bone repair. The rough Ti surfaces seem to be more
beneﬁcial materials for osseointegration, especially during
the early phases of bone healing, when the cell attachment
and proliferation is critical [28]. These ﬁndings are consistent with our results since the implants conditioned with
Hap, which had a rougher surface compared with the
untreated implants enabled a better osseointegration. Porous
implant structures are more advantageous compared with
bulk implants, because they promote the proper interaction
between the bone and the implant and strengthen the boneimplant interface [29–31]. The pores in the Ti scaffolds are

better integrated, since the native bone has a porous structure, with different porosity in compact and in spongy bone
respectively [32]. In our study, the bone tissue proliferated in
the pores of the Ti scaffolds optimizing the anchoring of the
surrounding bone and increasing the implant’s stability.
The purpose of our study was to ﬁnd out whether the size
of Ti scaffolds pores made with high precision by SLM
technique could inﬂuence the osseointegration process.
Moreover, the role of nano-HapSi coating of Ti scaffolds
surfaces on the new bone formation was assessed. The newly
formed bone tissue associated with nano-HapSi coated Ti
scaffolds had a more organized architecture and higher
resistance, which are characteristic for the haversian bone;
moreover, the bone tissue exhibited advanced and intense
bone remodeling compared with unmodiﬁed Ti scaffolds.
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Fig. 7 SEM images of the
scaffolds at 6 months after
implantation. a, e, i, m scaffolds
surfaces completely covered by
cells and extracellular matrix
(asterisks); b–d, j–l tissue
proliferating inside the scaffolds,
without ﬁlling the entire pores
(arrowheads); f–h, n–p densely
packed ﬁbroblast-like cells and
ﬁbers ﬁrmly attached to the
surfaces (thin arrows)

Fig. 8 Elemental distribution map of the scaffolds at 6 months after implantation. a 0.8 mm unmodiﬁed Ti scaffolds and b 0.8 mm surfacemodiﬁed Ti scaffolds

These ﬁndings suggest that the presence of nano-HapSi
at the interface between the scaffold and the bone tissue
sustained the new bone formation and promoted the repair
processes of the bone defect. The SEM images revealed a
better developed bone at the interface with the Ti + nanoHapSi compared with unmodiﬁed Ti implants, suggesting
that Ca ions from nano-HapSi had a beneﬁcial effect on
osseointegration.
Additionally, the new bone tissue proliferated inside the
scaffold had a more condensed aspect due to increased
spanning and bridging for meshes of 0.8 mm. The explanation could be that scaffolds with 0.8 mm meshes size
had higher surface area for the same volume; moreover, the

Ti + nano-HapSi scaffolds had a rougher surface, which
promoted the attachment and development of the osteoprogenitor cells and provided increased support for the bone
matrix.
The study limitations were the small number of animals
and analyzed specimens and also the difﬁculties in obtaining more data by sequential examinations at different time
points. Further studies are required in order to validate the
results on larger numbers of laboratory animals so that the
osseointegration process would be assessed sequentially
(through several types of examinations and quantiﬁcation of
the results). Additionally, a larger number of scaffolds with
variable cell size are needed for assessing the upper and
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lower limits of mesh sizes that provide optimal osseointegration (or the best osseointegration) without signiﬁcantly
altering the physical properties of the implanted scaffold.
Furthermore, the limits of compromise between the
osseointegration process and the physical properties of the
implanted material should be determined.

5 Conclusions
Our preliminary study indicated that the Ti scaffolds manufactured by SLM were well osseointegrated in vivo. The
nano-HapSi coating on the scaffold surface and the small
size of the meshes promoted the new bone formation and
improved the osseointegration process. The integration of
the implants was gradual, with an increased bone proliferation on the surface and inside the scaffolds meshes at
6 months after implantation. The obtained results in the
animal model for studying the osteointegration processes of
the Ti matrix (modiﬁed or unmodiﬁed surfaces) made by
the SLM are prerequisites for studying the osseointegration
on human cohorts. Thus, personalized medicine desideratum can be achieved, so that bone grafting can be
accomplished with a custom implant for each patient.
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Advanced glycation end products (AGEs) are glycated proteins associated with high dry temperature food
processing, coloring and flavor modification of food products. Previous studies on diet-related disease
support the role of the glycation products as biomarkers in local and general proinflammatory response.
Exogenous and endogenous AGEs are involved in chronic low-level inflammation, which underlies the
onset of metabolic syndrome influenced by food intake, there by demonstrating their implication in dietrelated pathologies. Although studies have revealed a strong association between the accumulation of
AGEs and the occurrence/worsening of metabolic diseases, their routine use for the diagnosis or monitoring of local and general disease has not yet been reported.
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Advanced glycation end products (AGEs) were synthesized for the first time in vitro in 1912, by French LouisCamille Maillard; later, in 1953, JE Hodge divided the reaction, and in 1986, the formation of reducing sugarderived carbonyl products was added to the Maillard chain reaction [1,2]. AGEs are represented by structures formed
via glycation – a nonenzymatic reaction [3] between sugars with a free amino or ketone group and proteins or lipids.
This complex and difficult to control reaction is involved in food taste and color modification, especially during
processes such as baking, toasting and almost all animal protein cooking processes. In medical research, AGEs have
been associated with increased production of reactive oxygen species (ROS), which consequently generate oxidative
or carbonyl stress, with negative effects in inflammatory, autoimmune and diet-related diseases (Figure 1).
In the present narrative paper, aspects concerning AGEs’ sources, mechanism of action, the implication in
systemic and diet-related disease, and the aging process as a subsection will be discussed. A current approach based
on salivary AGEs as an inflammatory process biomarker will be presented, as well as anti-AGEs downregulation
strategies, tested either in vitro or in vivo.

AGE production sources, chemistry & metabolism

AGEs sources
AGEs can be classified according to their provenience, fluorescence and cross-linking ability. One of the classifications [4] include fluorescent AGEs, such as GOLD, glyoxal-lysine
dimmer; GOLDIC, (2-ammonio-6-([2-[(4-ammonio-5-oxido-5-oxopentyl)amino]-4,5-dihydro-1-himidazol-5ylidene]amino)hexanoate); MOLD, methyglyoxal-lysine dimmer; MODIC, (2-ammonio-6-([2-[(4-ammonio5-oxido-5-oxopentyl)amino]-4-methyl-4,5-dihydro-1-himidazol-5-ylidene]amino)hexanoate); MRX, 8-hydroxy5-methyldihydrothiazolo(3,2-α)pyridinium-3-carboxylate; pentosidine; cross-line and nonfluorescent noncrosslinked AGEs such as carboxymethyl-lysine (CML), carboxyethyllysine, pyrraline and imidazole. AGEs sources can
be endogenous and exogenous (Figure 2).
Endogenous AGEs are generated by protein glycation due to oxidative stress and hyperglycemia, which are
commonly associated with diabetes mellitus (HbA1c). In hyperglycemia, glucose converts to fructose through an
enzymatic process. Under aldosereductase and sorbitol dehydrogenase reaction, fructose accumulates in tissues
and decreases glyceraldehyde-3-phosphate (GAP) activity, thus enhancing augmentation of glyoxal (GO) and
methylglyoxal (MG) AGEs precursors, GAP and DHAP [5]. It was observed [6] that protein glycation takes place
in the human body similarly with processed food, leading to HbA1c. Carbonyls and dicarbonyls groups from
thermally prepared food are found in a high percentage in human tissues [7].
The exogenous sources include nutrients – dietary AGEs (dAGEs), ultraviolet exposure, cigarette smoke compounds, microwaves and ultrasounds. dAGEs are easily obtained by ingesting nutrients that are part of the Western
diet (carbohydrates – 47%, lipids – 37%, protein compounds – 16%). Nutrients rich in lipids and proteins have
higher AGEs concentration compared with carbohydrates [8]. Regarding the temperature and cooking method on
dAGEs, dietitians [9] evaluated CML as an AGEs biomarker in 250 sorts of nutrients, using the next preparation
methods: boiling (100◦ C), frying (180◦ C), broiling (225◦ C), roasting (177◦ C) and oven frying (230◦ C). In the
evaluated food, CML levels were the highest in oven frying, followed by deep frying, roasting and water boiling.
Besides the cooking conditions, time is also an important factor in the amount of resulting glycation products.
Helou et al. [10] showed that bread baked at 250◦ C for 9 min led to 19.6% more CML compared with 200◦ C for 12
min. Microwave heating significantly increased CML production in saccharide-lysine model systems compared with
boiling heating [11]. It was estimated that in European patients, 1-day melanoidins-products intake variates from 10
to 12 g per day from all sources, where coffee and bread are considered to represent half or more [12,13]. Compared
with other sources, the exogenous glycation compounds provided by nicotine-/nornicotine-smoking AGEs are
formed in a couple of hours [14]. Subsequently, they bind to connective tissue collagen fibers and low-density
lipoproteins (LDL) [15].
The glycation products can have a low-molecular weight (LMW) or high-molecular weight (HMW), formed in
the advanced stages of the Maillard reaction [16]. A study conducted by Poulsen et al. on a group of 36 rats treated
with HMW and LMW dAGEs showed that LMW dAGEs were found in a higher concentration in biological fluids
and organs [17]. Because protein-bounded dAGEs are evidenced after digestion, HMW and LMW compounds can
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Advanced glycation end product sources, metabolic pathways and effects on storage organs.

be evaluated as precursors of melanoidins [18]. Regardless of the source of glycation, the hepatic formation of AGEs
occurs in several steps. From the dAGEs ingested, approximately 10% are intravasculary absorbed, from which 30%
are urinary excreted. Koschinsky et al. performed a 3-day trial to analyze bioavailability of dAGEs in diabetic and
healthy subjects, with or without renal dysfunction. Their results showed that approximately 10% of the ingested
AGEs were found intravascular [20]. Uribarri et al. performed a 3-day dietary restriction on dAGEs intake in a
subgroup of five healthy subjects to analyze dAGEs metabolism. The results showed a 30–40% decrease in AGEs
serum levels [5]. Other studies [16,19] demonstrated that AGEs bypass absorption due the resistance to hydrolysis of
the cross-link bindings in the GI tract.
DAGEs formation
As mentioned above, Maillard reaction occurs in different cooking methods that are accountable of nutrients
color, flavor and attractive appearance. The chemical reaction is between the carbonyl group of a reducing sugar
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The advanced glycation end products’ negative effects on the human body.

and the amino group of the amino acid. At high temperatures, Amadori compounds are formed, first as stable
Maillard reaction products. Of these, furosine is used to measure early glycation, formed after acid hydrolysis of
the Amadori products’ fructosyl-lysine, tagatosyl-lysine and lactulosyl-lysine produced by the reaction of Lys with
lactose, glucose and galactose [21,22]. The final reactions are represented by condensation of sugar and proteins to
polymeric melanoidinic compounds, from which CML is the most representative and a stable product, while GO
and MG present reactive activity [23].
The exposure of uncooked food to barbecuing, grilling, roasting, baking, frying, sautéing, broiling, searing and
toasting leads to acceleration of dAGEs formation [24]. Moreover, dry heat cooking could cause formation of 10–
100% new dAGEs. AGEs content (CML exactly) as kilounits/100 g was analyzed in 549 foods. The study showed
that high-heat-treated meat contained the highest AGEs levels, followed by high-fat and conserved cheese [25].
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Animal-derived foods also have high AGEs levels, due to the continuous exposure to pasteurization or depositing
at room temperature. Carbohydrates, which are rich in water and nonreducing sugars, have a lower expression of
AGEs. These statements show that glycation occurs in a high amount in food components. Thoroughly research
brought LC–MS as evaluation method for the quantification of dAGEs. There have been validated several databases
containing dAGEs ratio (nanogram per gram) [26,27].
DAGEs metabolism
Scheijen et al., in their study, developed a dAGEs database by identification of CML, N-epsilon-(carboxyethyl)lysine
(CEL) and 5-(5-hydro-5-methyl-4-imidazolon-2-yl) L-Ornithine d6 (MG-H1) in 190 different nutrients, and then
correlated dAGEs with plasma and urinary levels [28]. They found a weak connection between dAGEs and proteinbound plasma AGEs. Birlouez-Aragon et al.’s research suggested that when metabolized, dAGEs are divided to
nonglycated proteins and free-glycated proteins, from which dAGEs are found circulating in their free form and
thus, eliminated through urine [29]. This study is in assent with Li et al.’s research [30], who studied the bioavailability
of oral gavage pure CML on rat model. The authors found that dietary CML, after entering into circulation, forms
CML-bound proteins, which accumulate in organ tissue. Metabolic studies [31,32] showed that plasma AGEs in
diabetes and plasma CML levels in renal failure decreased by 30–40% when subjects were on a low glycotoxin diet.
The Dresden Institute for Food Chemistry [33] conducted an experiment in a group of 18 healthy subjects to study
the bioavailability and elimination of fructoselysine, pyrroline and pentosidine AGEs. The research team found
that free urinary pyrroline and Amadori products had a dietary origin, while free pentosidine, endogenous in vivo
formation should be taken into consideration. Alamir et al. [34] analyzed on a rat model the dietary CML (derived
from extruded/nonextruded casein) metabolism. The results showed no differences in plasma CML depending
on CML origin; in urine and feces, extruded proteins’ levels were lower (38–48%) compared with nonextruded
proteins (23–37%). A study that measured furosine accumulation in skin collagen showed that a restrictive diet
could lead to limitation of early glycation Amadori products, depending on glycemia [35]. Another study that
analyzed age-related skin AGEs for 25 months [36], showed a modification from 18 to 33% in diet-related early
glycation AGEs. The accumulation of advanced CML and pentosidine decreased after a few months from the
beginning of trial. Although glycation compounds as melanoidins or others rest in the lower GI tract for several
hours [37], the low bioavailability of dAGEs is explained by formation of aggregates, cross-link reactions and the
lack of specific transport systems [38]. CML and pentosidine accumulate time and dose dependent in human skin
and urine and have a higher concentration in diabetic subjects [39]. DAGEs (CML, CEL, MG-H1) resulted from
protein and sugar cooked at temperatures higher than 100◦ C were quantified by LC–MS/MS and tested on human
macrophages [40]; the increase in heating time affected macrophages’ viability and decreased TNF-α secretion.
These trials showed that long-term AGEs deposition depended not only on the circulating sugars but also on ROS
levels, lipid oxidation and inflammatory conditions. Chocolate-mixed drink samples containing reducing sugars
and proteins showed that the higher the proportion of glucose is, the more CML results [41]. Compared with
cold-water-prepared drinks, heating led to 30% more CML.
Endogenous AGEs are formed at a constant body temperature of 36–37◦ C, they bind to specific ligands and, by
chain reactions, they induce an inflammatory state. DAGEs production ranges from low, at approximately 20◦ C, to
high at approximately 230◦ C. As the temperature and cooking time increase, dAGEs are formed in high amounts
and promote strong protein cross-linking. In the human body, glycation products have a large distribution in
the soft and hard tissues due to the collagen fibers in the extracellular matrix, and the multiple surface receptors.
Both the endogenous and exogenous AGEs are difficult to degrade and metabolize due to the specific chemical
linkage reaction, which might explain their continuous and age-related accumulation. Because of their binding to
the receptors and the subsequent proinflammatory pathways, AGEs lead to immune cells activation and cellular
autophagy, which might maintain and even promote inflammatory cells recruitment, thus resulting in a continuous
vicious circle.
Perhaps in the future, people’s lifestyle will change, especially related to the eating behavior, taking into consideration the recent findings regarding how dAGEs are formed, the importance of cooking conditions and food
storage, and the effects of dAGEs on human body. Public health policies should inform the population, the food
companies and the health professionals. People would be advised how to choose between highly processed, tasteful,
but unhealthy food and nonprocessed food, with a lower dAGEs content. Further studies will show the population’s
compliance and the adherence of major food producers to these prevention measures of dAGEs-induced chronic
diseases.
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AGEs pathogenic mechanisms, ligands & molecular pathways

AGEs can alter tissue integrity by two different pathogenic pathways: receptor-mediated and receptor-independent
manner. One receptor for AGEs, known as RAGE, is a multiligand Ig family cell surface molecule, which possesses
a 35-kDa polypeptide with a unique sequence at the NH2 -end and HMGB1 (high mobility group box 1) – a
chromatin protein, and is the best characterized AGE receptor [42]. RAGE transcription led to 20 splice variants,
from which N-truncated (N-RAGE), full-length (FL-RAGE), soluble RAGE (sRAGE) were highly expressed
in endothelial cells; sRAGE might as well be produced in FL-RAGE proteolysis condition [43]. RAGE has an
extracellular part with 1 V and 2 C-type Ig-like domains, from which the V-domain presents affinity for HMGB-1,
AGE, ß-amyloid, S100, and their binding leads to NF-kB, p21ras, mitogen-activated protein kinase activation,
all of them being implicated in cellular programing and oxidative stress generation [44]. V-type domain of the
promoter region of RAGE polymorphisms (T-429C, T-347A) has been associated with cardiovascular disease risk
and -375T/A allele showed a protective cardiovascular effect [45]. RAGE interaction with Diaphanous-1 protein
activates Gua triphosphatases, which promotes cellular migration [46]; moreover, RAGE interacts with G-proteincoupled receptors, such as formyl peptide receptors, and enhances intracellular AMP consumption, leading to
neural cells apoptosis [47].
An important receptor mechanism consists of binding to specific RAGE or immune Toll-like receptors (TLRs),
expressed in macrophages, fibroblasts, epithelial and endothelial cells [48]; it was shown that RAGE and TLR4
receptor have a similar receptor-transmission (RT) sequence, both using the same inflammatory cytokine activation
pathways. RAGE enhances mitogen-activated protein kinase pathway that activates NF-kB, induces nitric oxide
synthesis, secretion of cyclooxygenase 2, TNF-α and ILs, which are important inflammatory markers [49,50].
sRAGE was reported to have a protective role over RAGE [51,52]. In diabetic patients, metformin administration
led to a decrease in serum CML and RAGE, but increased sRAGE [53], and seemed to slow down diabetic
atherosclerosis [54]. Several studies focused on the sRAGE, their association with other AGEs and the general
pathology, but the exact pathogenic mechanism is not known, and further investigations should be conducted to
answer the question.
Other AGE receptors such as AGE-R1, AGE-R2, AGE-R3 and scavenger receptors (which facilitate protein
absorption and degradation) [55] may have a role in extracellular AGE clearance by endocytosis and degradation.
The nonreceptor mechanism includes cross-linking of protein strands, forming strong covalent bonds, which reduce
the elasticity and thus, the functions of proteins [56]. Once formed, they attract and activate inflammatory cells and
enzymes; they mediate ROS generation. Increased membrane permeability and chronic inflammation confirm the
key role of AGEs as common features linking metabolic abnormalities, inflammatory signaling and cardiovascular
dysfunction in cardiometabolic disorders. DAGEs increase tissue hardness and alter serum LDL levels. Their high
serum ratio activates cytokines and ROS production, resulting in a strong association with the risk of aggravating
existing diseases, and promotes the development of new pathologies.
Perhaps, the classic treatment of chronic diseases will change in the future through the development of new
therapeutic agents to block AGEs receptor-mediated pathogenic pathways. Another challenge will be to block
AGEs receptor-independent effects. Assessment of RAGE polymorphisms to find the alleles with protective or
negative effects on the cardiovascular disease will allow a personalized treatment of the patients, thus avoiding the
administration of unnecessary and ineffective drugs.
AGEs & the aging process

AGEs are considered to be a biomarker for aging, due to the continuous accumulation in body fluids and tissues.
AGEs are thought to have a role in aging because they accumulate in collagen and elastin fibers in the extracellular
matrix, affecting its elasticity. AGEs alter the intracellular function by protein glycation and last, but not least,
AGE-RAGE interaction leads to local inflammatory pathways [57]. One of the first experiments that studied these
glycation products [58] proposed that the presence of AGEs excites macrophage cytokines, which synthesize TNF-α
and IL-1. Crişan et al. studied histological and immunohistochemical aspects of ultraviolet-derived CML in sunexposed and unexposed skin, in a group of 32 healthy patients subdivided into age categories [59]. Their findings
indicated that AGE-CML had a high expression in both exposed and unexposed skin, while CML was 10%
higher in exposed skin compared with unexposed skin, proportionally to age. Superficial dermal layers had higher
levels of glycation products compared with the deeper layers. Starting from the hypothesis that obese people store
more AGEs in tissues and fluids, skin AGE autofluorescence was assessed in Western European patients diagnosed
with obesity, smokers or nonsmokers, with or without other metabolic pathologies [60]. The researchers found a
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difference of almost 10% between obese and nonobese persons, which might be due to variations in the subjects’
diet. MG was shown to affect collagen’s extracellular matrix during aging, induces endoplasmic reticulum stress
and apoptosis by activating the PERK-eIF2α and caspase-12 pathways, and by generating hydrogen peroxide and
oxygen-derived free radicals [61]. A systematic review on AGEs influence in wound healing evidenced that AGEs
reduce the elasticity and scar thickness, by disarranging collagen structure, producing short and thin fibers [62].
An in vitro multiscale mechanical testing using ribose and harvested human tendons’ samples showed that AGEs
limit fiber–fiber and fibril–fibril sliding and by that the tissue viscoelasticity is strongly diminished [63]. A recent
cross-sectional controlled study investigated the association between joint stiffness and AGEs in patients with Type
1 diabetes. Anamnesis, clinical examination and skin biopsies using LC–MS were performed. The results associated
joint stiffness with long-term glycosylated hemoglobin and the AGEs MG and pentosidine [64]. Another study
analyzed in rat tail and Achilles tendons fibrils mechanics and the effect of MG treatment [65]. Tendons from rats
with the age of 4 and 16 weeks were used. The results showed no influence of the age on mechanical properties,
but methylglyoxal generated stiffness without fragility of the tested tissues. Regarding hard structures, 170 human
bone samples were investigated to evaluate the relationship between pentosidine and total AGEs in cortical and
cancellous bone [66]. The result showed a higher pentosidine and total AGEs accumulation in cancellous bone
compared with cortical bone. Thomas et al. evaluated CML in type I collagen bone samples, using MS, and a
protocol including demineralization, heating and trypsin digestion for the assessment of CML in bone tissue [67].
The study showed that CML is from 40- to 100-times higher in bone compared with pentosidine, which is
correlated to the skeletal risk of fracture. Serum levels of AGE and sRAGE were investigated in heart failure and
dilated ascending aorta diseases. In heart failure patients, serum pentosidine level was shown to be an independent
prognosis factor for nonischemic cardiac events; by its interaction with RAGE, pentosidine activates the NADPH
oxidase and ROS generation that triggers the NF-kB pathway. This pathway represents a stimulus for the expression
of proinflammatory cytokines that are known to be associated to heart failure [68]. In patients with ascending aorta
dilatation disease, TGF-ß levels were higher in the tricuspid valve, but no differences in sRAGE serum levels or in
valve morphology were found [69], maybe due to the fact that sRAGE have no specificity regarding the topography
of the pathology. The above accumulating evidence shows that skin autofluorescence could be correlated with the
presence and severity of vascular complications of diabetes and could predict future cardiovascular events and death
in patients with diabetes.
AGEs & metabolic disorders

Mastrocola et al. gavaged mice with glucose 15% or fructose 15% during 30 weeks, with the purpose of assessing
effects on weight, glucose tolerance and lipid profile [70]. The mice became overweight in a proportion of up to
31%, glucose curves moved from the control at every glycemic bump, and the lipid profile was altered, with hepatic
steatosis. Glyceraldehyde-derived pyridinium (GLAP) and MOLD were overexpressed in the hepatic tissue of
glucose-fed mice, while GOLD and CML were overexpressed in the hepatic tissue of fructose-fed mice. Moreover,
the authors suggested the role of CML accumulation in hepatic steatosis, and their hypothesis is supported by
other studies using in vitro and in vivo models [71,72]. In rat hepatocytes culture, the administration of ethanol led
to severe downregulation and fatty accumulation in hepatocytes, because of oxidative stress induced by AA-AGEs
[acetaldehyde (the main ethanol metabolite)-derived AGEs] [73]. AA-AGEs also led to apoptosis of neural cells, in
a dose-dependent manner [74,75].
Worldwide, more than 10% of the population suffer from obesity, and it is estimated that by 2030, this proportion
will double [76,77]. The link between AGEs accumulation and obesity development has been recently demonstrated
in mice with genetically induced deletion of leptin receptors, which were prone to consume excessive calories and
develop obesity and insulin resistance. Obese mice showed high levels of CML trapped by the adipose tissue, while
the deletion of RAGE reverted CML accumulation in adipose tissue, increasing the plasma levels; these findings
indicated a RAGE-dependent mechanism underlying endogenous AGE-induced obesity [78]. A hypercaloric diet
not only induces obesity but also influences the cognitive function and memory [79,80]. A study conducted by Dahl
et al. on showed that midlife patients with increased BMI had a decline in verbal and spatial skills [81].
AGEs & neurodegenerative diseases

Several studies demonstrated the connection between dAGEs and neurodegenerative Alzheimer, Parkinson’s disease
and multiple sclerosis. Percentage differences of AGEs in the cerebrospinal fluid in Alzheimer’s disease have been
demonstrated [82]. D-galactose administration leads to cognitive disorders in a rodent model [83]. An experiment
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focusing on the long-term effect of fructose consumption showed that fructose (ten-times more damaging than
sucrose) caused high-serum AGEs levels and collagen alteration [84]. The authors suggested that AGEs affected the
LDL entry into the brain mediated by astrocytes, and the consequent impairment of neural cell function [85]. Lys
represents a high percentage of apolipoproteins, a group of structural proteins in LDL, shown to be highly glycated.
As a consequence, they become dysfunctional [86]. In inflammatory stress, the CNS reacts by gliosis, a nonspecific
hypertrophy of astrocytes, oligodendrocytes and microglia, viewed as protective feedback. Mastrocola et al. evaluated
the production of AGEs (marked as CML) in the hippocampal pyramidal cells of mice with a high-fructose diet [87].
The results expressed an increased amount of CML in pyramidal neurons, which activated the RAGE/NF-kB
proinflammatory pathway, leading to general reactive gliosis. Considering that AGEs are mostly sugar-reducing
sourced, neurological disorders could be associated with increased sweets input – nondiabetic hyperglycemia and
instead of serving as a neural energy substrate, sugars become dAGEs and impair the performance of the neurons,
with negative effects on cognitive functions. Other substances associated with AGEs, such as ROS and iNOS,
could affect cellular energy production and cellular functionality, resulting in memory impairment and aging,
either physiological or related to the neurological condition.
AGEs in carcinogenesis
AGEs react with the -NH2 group of nucleic proteins and could increase the risk of cancer. In vitro studies [88] showed
that DNA incubation with glucose or a hyperglycemic medium induces mutagenic changes. CML interaction with
the markers of carbonyl stress and oxidative stress (ROS and nitrogen species) inhibits growth factors expression in
injured tissues, and provides an exposed damaged foundation subject to carcinogenic factors [89]. Hyperglycemia
increases RAGE and NADP+ oxidases (NOXs) expression, and this RAGE–NOXs pathway promotes oxidative
stress, local hypoxia and VEGF activation, which might stimulate tumoral angiogenesis [90]. In addition to cigarette
smoke, RAGE polymorphism is strongly involved in the development of oral squamous cell carcinoma (OSCC),
lung and breast carcinoma [91,92]. In gingival carcinoma cells exposed to tobacco smoke, ILs and surface RAGE were
found in high amounts after 6 h of exposure [93]. High expression of RAGE in OSCC cell lines was associated with
an increase in the depth and local recurrence of oral carcinomas [94,95]. CC genotype rs2070600 (Gly82Ser) RAGE
SNP was associated to high-serum sRAGE, which might expose RAGE to enzymes and degradation proteins [96].
sRAGE SNP could influence the risk of pancreatic tumoral pathology, where the minor allele of rs1035786 of
RAGE were associated with reduced pancreatic cancer risk and soluble RAGE concentrations were independently
inversely correlated with the 82Ser allele of rs2070600 of RAGE and positively correlated with serum CML [97].
In mice model-induced hepatocellular carcinoma, oval cells (OC) liver progenitor cells observed in chronic liver
damage, were overexpressed due to HMGB1–RAGE interaction and presented high RAGE levels, while HMGB1
blockade caused a decrease in OC as well as RAGE expression [98].
In tumoral pathogenesis, injured cells release damage-associated proteins, from which HMGB1 is one of the
most representative – it is discharged during cell apoptosis or under cytokines, RAGE and Tyrosine kinase receptors
(TKRs) stimulation [99]. HMGB1 can be synthesized intracellularly (as a physiologically stimulating growth
factor), or extracellularly (with a proinflammatory effect). The association between HMGB1, released by RAGE,
and NF-kB p65 increases melanoma inhibitory activity in OSCC [100]. HMGB1–RAGE binding also represents an
independent factor in tumoral proliferation, invasion and metastatic potential [101]. RAGE activation by HMGB1
leads to the activation of type 2 macrophages tumoral activity, NF-k-light-chain promotor of B-cells, having as
a result cellular growth and malignant features [102]. Moreover, S100A7 and S100A14, calcium-binding proteins,
connect with RAGE receptors and promote epithelial–mesenchymal cell migration, cancer cell invasion and
metastasis in osteosarcomas and cervical cancer [103,104; in glioma-conditioned medium, mesenchymal stem cells
were stimulated toward a tumoral development S100B-RAGE mediated [105].
AGEs in the saliva & their suitability as biomarker

For the noninvasive diagnosis and monitoring of local and general diseases, saliva, as a biological fluid, is very
accessible and easy to collect. Unlike blood collection, which is almost always uncomfortable and painful for the
patient, or feces or urine analysis, which makes people feel embarrassed, saliva collection is highly accessible, by
a simple spit into sterile recipients. Repeated samples can be collected, and diagnosis and monitoring using this
method is an innovative and attractive approach.
Among saliva components, mucins are heavily glycosylated proteins, which are physiologically secreted by
epithelial cells in the mouth. Their carbohydrate composition varies from tissue to tissue and is altered in response
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to mucosal infection and inflammation. Mucins in the oral cavity (including MUC5B, MUC7, MUC19, MUC1
and MUC4) protect the mucosa from pathogenic bacteria and noxious substances but provide favorable conditions
to beneficial oral microorganisms through their carbohydrate receptors [106,107]. Salivary mucins are carriers for
glycoproteins that have antibacterial activity; they transport these proteins, enable their retention on the surface of
the teeth and prevent their degradation by forming complexes. The glycosylation of these proteins is also altered in
response to environmental stress.
A study on healthy volunteers assessed the variation of oxidative parameters in unstimulated saliva after mechanical
removal of dental plaque, 30 days in a row. Salivary AGEs and advanced oxidation protein products were higher
in men than in women, and there was a 60% variation between individuals [108]. Salivary Thiobarbituric Acid
Reactive Species (TBARS), markers of cell membrane peroxidation, and advanced oxidation protein products
were analyzed mostly for their involvement in periodontal disease, as biomarkers of aggressiveness or efficacy of
periodontal therapy [109-112]. Gingival attachment is an easily oxidized soft tissue, and markers accumulate in the
adjacent saliva. The Comenius Research Unit in Bratislava [113] evaluated in a cross-sectional study of 82 pediatric
patients’ salivary AGEs using unstimulated saliva, by spectrophotometric and spectrofluorometric measurements.
The authors found differences in expression related to gender and oral hygiene, periodontal and dental status, but
no differences related to age. This might be due to the physical condition not yet affected by metabolic diseases.
A particularity of the expression of AGEs is their increase in hyperglycemic conditions such as diabetes. This
disease is strongly associated with a negative impact on soft and hard tissue tooth support, manifesting through
periodontitis. Salivary AGEs determinations using nuclear magnetic resonance spectra in a case–control study
showed a strong association between the evolution of periodontal disease and AGEs accumulation, evidencing the
implication of glycation products in oral diabetes complications [114]. AGEs spectrofluorometry was measured in
the saliva, serum, urine and skin in 52 patients with Type 2 diabetes [115]. AGEs accumulation in the skin was
strongly age-related and changed in failure of renal function. Renal impairment might lead to the transfer of AGEs
to other structures, such as skin.
Wautier et al. found that CML blood levels were increased in patients with diabetes versus control group [116].
CML detection in saliva could represent an easy way of assessment of metainflammation in general diseases using a
cavitas electrochemical sensor. Local infection found in oral cavity (such as periodontitis and other infection) must
be excluded in order to have a correct interpretation of the results [117]. These noninvasive approaches of AGEs
assessment in saliva for detection and monitoring general diseases open new and future research areas for real-time
detection using wireless transmission.

AGEs in general diseases: quo vadis?

The results of in vitro and in vivo studies vary widely concerning the AGEs levels in biological fluids. These
differences are influenced by many external and internal factors. The Western diet, vicious habits, age, sun
overexposure increase and accelerate the production and deposition of external AGEs. The process is time and
dose dependent, but there is no consensus as to when to start assessing AGEs levels. Should it be done in early
childhood, when the body is theoretically free of deleterious substances, and should the obtained measurements
be used as a gold standard, or in early adulthood in healthy patients? Systemic diseases, by altering immune host
response, activation of proinflammatory mediators, create a favorable environment for the production of AGEs.
Moreover, hyperglycemia, hyperlipidemic conditions such as diabetes, dyslipidemia and liver steatosis provide an
abundant support for glycation product outcome, and thus, higher values/false-positive values. This is why basic
biochemical serum screening is important and should be evermore personalized. Urinary assessments might be
influenced by an alteration of renal function, and AGEs might be redirected to other fluids or tissues. From the
oral cavity, salivary AGEs might be collected using a cotton swab, in a routine dental examination, the results of
which can offer valuable information. Oral cavity pathology could influence the values of salivary AGEs [118].
One of the reasons for which the assessment of AGEs is reliable is their chemical stability, once the Maillard
reactions are completed. Even if a large amount is lost by urinary excretion, about 10% is identified in biological
fluids and tissues. Animal and human studies have associated the amount of AGEs with physiological and pathological conditions. Among the tested sources, salivary samples are easy to collect and noninvasive, and create a
comfortable alternative for the patient. However, protocols that involve providing a sterile environment, transport
and examination create time and cost inconveniences.
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AGEs downregulation strategies

The source, body localization, ratio and last but not least, the presence of associated diseases has a great influence
on the AGE treatment outcome. The current direction is to intervene in the glycation process at key points
along its production mechanism, targeting specific pathways and receptors. One direction could be the use of
antioxidant drugs. It has been reported that Ca2+ channel inhibitors, vitamins thiamine, P (flavonoids) and
numerous natural compounds could help in the reduction of AGEs accumulation due to the antioxidant effect [119].
Experimental treatment with monoclonal anti-RAGE IgG3 resulted in improved glucose tolerance and attenuated
renal complications in patients with Type 2 diabetes [120]. The influence of local drug delivery such as chitosanbased pH-responsive hydrogels loaded with N-phenacylthiazoliumbromide (PTB) in periodontopathic versus
nonperiodontopathic groups was assessed by microcomputer tomography and histology. Results showed that PTB
application could slow down the initiation of and improve recovery from experimental periodontitis [121]. It has
been demonstrated that the association of antimicrobial doxycycline and ketone compounds such as flavonoids
decreases AGE concentration in the crevicular fluid in periodontal disease [122]. Flavonoids inhibit ROS, NO,
cyclooxygenase, lipoxygenase and arachidonic acid pathways, which explain their role in reducing AGEs. One
mechanism is the activation of dicarbonyl detoxification system, formed by glyoxalase I and II, enzymes which
convert AGEs into hydroxyl acids [123]. The other mechanism is the increase of glyoxalase activity with lipoic acid,
NAC, thiol-based antioxidants and the subsequent downregulation of glycation product formation [124]. Transresveratrol and hesperetin polyphenols activate the glyoxalase system and lead to elimination of MG, property
which is active both in normal body conditions – 36◦ to 37◦ C and at high temperature during cooking [125]. Some
dipeptide compounds – creatine and carnosine, have a carbonyl-trapping effect, and thus reduce the formation and
deposition of AGEs. Drinks such as red wine, green tea and various herbal extracts also have antiglycative effects [126].
Innovative approaches act on HMGB-1, WNT-1, S-100 RAGE (which have specificity in osteosarcoma) signaling
pathways, and AGE–RAGE interactions. Guilbaud et al. suggested that a diet restriction in exogenous AGEs, but
rich in purified nutrients, such as vitamins and natural antioxidants could limit the accumulation of glycation
products [35]. It seems that diet restriction lowers early glycation products but not the advanced ones. Sell et al.
measured furosine in skin collagen, and his results suggested that formation of CML and pentosidine depended
not only on glycemia but also on oxidative stress and lipid oxidation [127]. A recent study showed that a diet which
includes more than 100 g of fructose daily is associated with weight increase among the patients [128]. Another
study of Wang et al. showed that more than 200 g per day fructose along with a hypercaloric diet led to increased
uric acid serum levels [129]. Bunn and Higgins investigated the reactions between glucose, fructose and proteins.
Their results showed that fructose is seven-times more reactive to produce Schiff bases, compared with glucose [130].
A meta-analysis study of Cozma et al. showed that the replacement of high glycemic index carbohydrates with
fructose led to an improvement of glycemic index in diabetic patients, but more than 60 g fructose per day led to
serum triglycerides increase, and a total cholesterol lowering [131,132]. The above results state the negative influence
of dietary intake in producing glycation compounds.
Due to their benefic effects, carnosine and creatine have been proposed as anti-AGEs strategies; creatine has
the ability to block dicarbonyl compounds [133], and carnosine has antioxidant, anti-inflammatory and dicarbonyltraping effects [134]. Deo et al. studied the effect of weight loss on CML and HbA1c serum levels, as glycation
markers, in diabetic and nondiabetic patients. Their results showed 17% decrease in serum CML and reduction of
HbA1c from 6.8 to 6.2% [135].
All these studies suggest that cautious food cooking (raw aliments, lower temperature and prolonged time),
limited carbohydrate intake and natural antioxidants supplements could decrease the AGEs production.
Physical activity & DAGEs

The first studies analyzing the effect of physical activity on glycation compounds were in Malaysian volunteers [136].
After 3 months of twice per week tai chi, serum AGEs and malondialdehyde decreased significantly. Another
study analyzed MG in erythrocytes after short and long run. The red cell MG decreased up to 60% in trained
men versus 41% in untrained men [137]. A study that investigated endurance running with AGEs – pentosidine
deposits in patellar tendons in four groups (elder master athletes vs untrained elder with the average age of 64-year
old and young endurance runners vs untrained young men) found a 21% lower pentosidine density in athletes
compared with untrained elderly [138]. Beside the results concerning AGEs, the thickness of the patellar tendons was
higher in both elder and young trained men. The researchers suggested that long-term endurance training lowers
the age-depending AGEs accumulation. A similar study compared circulating GO, MG and 3-deoxyglucosone,
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serum CML, CEL, MG-H1 and pentosidine in elder endurance men versus untrained men [139]. The results
showed lower MG, 3-deoxyglucosone and MG-H1 concentration in elder athletes. An unexpected result was the
concentration of CEL and CML, which were higher in athletes, and directly correlated with cardiorespiratory
fitness. Macı́as-Cervantes et al. experimented the effect of physical activity (three-times per week) on overweight
men and reduced AGEs intake versus normal food intake for 3 months. AGEs decreased up to 50%, along with the
increase of high-density lipoproteins [140]. A prospective study on 98 volunteers investigated the effect of physical
activity on circulating sRAGE (known to have an anti-inflammatory efficacy) – measured at baseline, 2, 6 and 8
months [141]. Increase of 9–22% of sRAGE were noticed after sport performing, more obvious in volunteers with
initial low performance. The above presented results suggest that physical training could lower AGEs depositing,
and a long-term sport practice could have an antiglycative effect and a protective role in general diseases.
Conclusion
Systemic diseases, by altering the immune host response and by activating the proinflammatory mediators, create
a favorable environment for the production of AGEs. The Western diet, vicious habits, age and sun overexposure
increase and accelerate the production and deposition of AGEs, in a time- and dose-dependent manner. AGEs have
a dose- and time-related cumulative negative effect on human tissues. Current anti-AGEs strategies include diet
changes either modulation in food cooking, a physical active lifestyle, to increase antioxidative mechanism, and
last but not least medication that interfere with the glycation process. Due to their stability in biological fluids, the
validation of AGEs as biomarkers, including salivary AGEs, could represent a new approach in the early diagnosis
and treatment of diet-related diseases, designing a long-lasting and efficient therapy.
Future perspective
Due to their stability in biological fluids, the validation of AGEs as biomarkers in general diseases by means of
accuracy would not be an impediment. In what concerns clinical results, summarized data show inhomogeneous
AGE values in the tested samples. This might suggest that a greater number of subjects are required for in vivo
study in order to achieve a statistically and clinically valid value of this metabolic biomarker. Over time, salivary
biosensors have been developed for several applications, including glucose evaluation, stress biomarkers and cortisol
detection, salivary amylase and lactate activity, to name a few. However, to the best of our knowledge, there is no
device produced and validated to measure salivary AGEs currently used in clinical settings, these were tested only
for the research purposes. To assess AGEs real-time variations, the biosensors would be attached to a mouth guard.
The device would allow continuous salivary AGEs analysis. This noninvasive evaluation technique could serve for
dental office or home management of healthy individuals and general pathology-diseased patients. The noninvasive
approaches of AGEs assessment in saliva open new and future research areas for real-time detection using wireless
transmission.
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Executive summary
Advanced glycation end products formation
• Advanced glycation end products (AGEs) are represented by structures formed via glycation – a nonenzymatic
reaction between sugars with a free amino or ketone group and proteins or lipids, and increase the food
attractiveness for intake. Glycation and high-temperature cooking produce stable connections, which make AGEs
hard to be countervailed by proteolytic enzymes, antioxidative substances.
AGEs pathogenic pathways downregulation
• AGEs can damage tissues by two different pathogenic pathways: receptor-mediated and receptor-independent
manner. The current direction for therapies development is to intervene in the glycation process at key points
along its production mechanism, targeting specific pathways and receptors. One direction could be the use of
antioxidant drugs. Cautious in food cooking (raw aliments, lower temperature and prolonged time), limited
carbohydrate intake and natural antioxidants supplements could decrease the AGEs production. Some results
suggest that physical training could lower AGEs depositing, and a long-term sport practice could have an
antiglycative effect and a protective role in general diseases.
AGEs in the aging process
• AGEs are considered to be a biomarker for aging, due to the continuous accumulation in body fluids and tissues:
in collagen and elastin fibers and in the extracellular matrix, affecting its elasticity. In hard tissues, such as bone,
they increase fracture risk.
AGEs in metabolic & neurodegenerative pathology
• A hypercaloric diet not only induces obesity but also influences the cognitive function and memory. Several
studies demonstrated the connection between dietary AGEs and neurodegenerative Alzheimer, Parkinson’s
disease and multiple sclerosis. In inflammatory stress, the CNS reacts by gliosis, a nonspecific hypertrophy of
astrocytes, oligodendrocytes and microglia, viewed as protective feedback.
AGEs features & implication in carcinogenesis
• AGEs react with the -NH2 group of nucleic proteins, ROS, carbonyl stress and could increase the risk of cancer. The
cigarette smoke, RAGE polymorphism and AGEs SNP are strongly involved in the development of oral squamous
cell carcinoma, melanoma, lung and breast carcinoma.
Salivary AGEs: correspondence with biological fluids AGEs & their appropriateness as biomarkers
• For the noninvasive diagnosis and monitoring of local and general diseases, saliva, as a biological fluid, is very
accessible and easy to collect. Repeated samples can be collected, and diagnosis and monitoring using this
method is an innovative and attractive approach. To assess AGEs real-time variations, the biosensors would be
attached to a mouth guard. The device would allow continuous salivary AGEs analysis. This noninvasive
evaluation technique could serve to dental office either home management of healthy and general
pathology-diseased patients.
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Băbţan, Ilea, Boşca et al.
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Objective: Maillard advanced glycation end products (AGEs) are connected with high dry temperature food
processing, color and ﬂavor modiﬁcation of food products. Oral cavity pathology is strongly inﬂuenced by
dietary intake. The aim of the present paper is to update current data regarding the sources and metabolism of
AGEs, their impact on oral cavity tissues, to discuss and suggest new approaches for the early diagnosis and
eﬃcient treatment of AGEs-related oral pathology.
Design: This paper is a narrative review of the studies discussing AGEs and mainly the dietary AGEs (dAGEs)
sources, metabolism, linkage to general diseases, and speciﬁcally the oral cavity pathology. The authors used
"PUBMED" and MeSH for the ﬁnding of English written and published articles concerning AGEs. There were used
the next keywords association: “advanced glycation end products- AGEs” AND “Maillard products”, “AGEs” AND
“diet-related disease, “AGEs” AND “salivary biosensor”, “AGEs” AND “metabolic syndrome AGEs”, “AGEs” AND
“oral pathology”, “AGEs” AND “dentin AGEs” OR “periodontal AGEs”, “AGEs” AND “diagnosis and monitoring”.
The authors used free full-text articles to determine the etiology and physiopathology of AGEs, their association
with general diseases and oral cavity disease, assessment methods used in bioﬂuids and tissues, AGEs prevention
and treatment approaches. Articles concerning AGEs etiology, metabolism and eﬀect in the human body and
speciﬁc implication in oral pathology were selected. There were no exclusion criteria in what concerns the study
design. Studies in other language than English and articles abstracts were excluded.
Criteria of inclusion were free full-text articles written in English. Equally human and animal model studies
were included. Regarding the date of publication, all subjects concerning glycation products after 1953 (ﬁrst
published article) were included.
Results: Evidence show that AGEs are responsible for inducing low intensity chronic inﬂammation and thereby,
for initiating and/or aggravating chronic diseases. Nowadays, research has demonstrated a signiﬁcant association between AGEs and dental or periodontal pathology. Moreover, salivary AGEs are consistent with the levels
of AGEs in other biological ﬂuids and are correlated with the general and oral pathology.
Conclusions: Assessment of salivary AGEs could be a reliable tool for early diagnosis and monitoring diet-related
disease.

1. Introduction
Advanced glycation end products (AGEs) are ﬁnal products of
Maillard reaction. They were discovered by Louis-Camille Maillard in

⁎

1912, while he was trying to synthesize in vitro proteins by using a high
temperature reaction between amino acids and sugars (Zhang, Ames,
Smith, Baynes, & Metz, 2009). In 1953, John E. Hodge published an
article in which he divided the reaction and in 1986, the formation of
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reducing sugar-derived carbonyl products was added to the Maillard
chain reaction (Hodge, 1953). It was associated with the ﬂavor and
pleasant scent of food, but also with oxidative stress production, local
and general inﬂammation, and last but not least, mutagenic dicarbonyl
compounds (Nagao, Takahashi, Yamanaka, & Sugimura, 1979).
In medical research, AGEs have been associated to ROS (reactive
oxygen species) increase, with consequent generation of oxidative or
carbonyl stress. Thus, ROS exert negative eﬀects resulting in inﬂammatory, autoimmune, diet-related diseases. Comparing to the discovery of the Maillard reaction products, the hypothesis of the implication of AGEs in periodontitis and dental pathology was founded at
a later time. Several studies have revealed a strong association between
the accumulation of AGEs and the occurrence or worsening of metabolic diseases. However, the routine use of AGEs salivary levels for the
diagnosis or monitoring the oral diseases has not been yet reported.
2. Material and method
The authors used "PUBMED" and MeSH for the ﬁnding of English
written and published articles concerning AGEs. There were used the
next keywords association: “advanced glycation end products- AGEs”
AND “Maillard products”, “AGEs” AND “diet-related disease, “AGEs”
AND “salivary biosensor”, “AGEs” AND “metabolic syndrome AGEs”,
“AGEs” AND “oral pathology”, “AGEs” AND “dentin AGEs” OR “periodontal AGEs”, “AGEs” AND “diagnosis and monitoring”. The authors
used free full-text articles to determine the etiology and physiopathology of AGEs, their association with general diseases and oral
cavity disease, assessment methods used in bioﬂuids and tissues, AGEs
prevention and treatment approaches. Articles concerning AGEs
etiology, metabolism and eﬀect in the human body and speciﬁc implication in oral pathology were selected. There were no exclusion
criteria in what concerns the study design. Studies in other language
than English and articles abstracts were excluded.
Criteria of inclusion were free full-text articles written in English.
Equally human and animal model studies were included. Regarding the
date of publication, all subjects concerning glycation products after
1953 (ﬁrst published article) were included.
2.1. AGEs production sources, metabolic pathways and their eﬀects on
storage organs
There are both exogenous and endogenous sources of AGEs.
Endogenous sources are generated by protein glycation by means of
oxidative stress, conditions which imply hyperglycemia. Exogenous
sources are represented by dietary compounds (especially carbohydrates and lipids), UV (ultraviolet) radiation, cigarette smoke, microwaves and ultrasounds. Microwaves are largely used in food heating,
because they transform electromagnetic frequency into thermal energy.
The type of diet inﬂuences to a great extent the amount of AGEs produced during the heating process (Contreras, Sevilla Garay, Wrobel, &
Malacara, 2013).
The Western diet (carbohydrates-47%, fats-37%, proteins-16%) represents an important source of Dietary Advanced Glycation End
Products (dAGEs) due to the Maillard reaction, which renders the food
ﬂavor and brown. Dietitians assessed CML (carboxymethyllysine) as an
AGEs marker in 250 diﬀerent types of food, focusing on meat, carbohydrates and fat groups that are cooked under boiling water (100 °C),
fried (180 °C), broiled (225 °C), roasted (177 °C) or oven fried (230 °C)
(Goldberg et al., 2004). CML values were the highest in the fat group,
followed by meat and carbohydrates. The cooking methods related to
the highest CML values were as follows: oven frying > deep frying/
broiling > roasting > boiling.
Sugars are widely used in the food industry. Studies show that a
high fructose diet with more than 100 g/day was associated with
weight gain in the subjects (Sieveenpiper et al., 2010). In a healthy
human organism, no more than 0.4% of glucose intake is transformed

into methylglyoxal (Thornalley, 2003). This is one of the main AGEs
compounds that interacts with arginine and lysine and thus alters DNA
proteins, leading to apoptosis (Amicarelli et al., 2003).
Researchers who investigated the inﬂuence of dAGEs in diabetic
wound healing noticed an indirect correlation between the healing time
and AGEs circulating levels (Peppa et al., 2003). The high-AGEs diet fed
mice presented a persistent and dense inﬂammatory cells inﬁltration
and ﬁbrous scars. Tessier and his colleagues evaluated the organ distribution of dAGEs by synthesis of the dCML-fortiﬁed protein using
[13C2] glyoxylic acid to label CML, which made possible the diﬀerentiation between exogenous dCML and native CML (nCML) (Tessier
et al., 2016). NCML is synthesized both from endogenous glycation and
diet intake. The CML derivate synthesized by the research team was of
dietary source only. Their results suggested that dCML spare into protein-bound and free CML, from which only the free form circulates and
deposits. The authors also showed that dCML had no inﬂuence on organ
weight and did not deposit in adipose tissue, maybe because of the
diﬀerences between the hydrophilic lipids and hydrophobic proteins
(Aris et al., 2010).
Another AGEs source is represented by cigarette smoke byproducts
such as nicotine and nornicotine. Smoking AGEs, in contrast with other
exogenous sources (UV, nutrients), are formed in a couple of hours
(Cerami et al., 1997; Monnier, Kohn, & Cerami, 1984). Nicotine sourced
AGEs bind to connective tissue collagen ﬁbers increasing tissue hardness. Moreover, they bind to serum low-density lipoproteins (LDL) and
alter their levels (Lee & Cerami, 1987). High serum ratio smoking AGEs
activates cytokines and ROS production, resulting in noxious eﬀects on
the vessel endothelium, hence the strong association with the risk of
atherosclerosis and coronary heart disease.
Unrelated to the source of glycation, the formation of AGEs takes
place at the hepatic structures in several steps, which include reversible
and irreversible reactions. The last step is irreversible; in weeks/
months, after dehydrating and very stable cross-linking or non-crosslinking reactions have taken place, AGEs [pentosidine, CML, GOLD
(glyoxal-lysine dimer), GLAP (glyceraldehyde-derived pyridinium
compound), MOLD (methylglyoxal-lysine dimer)] are formed
(Magalãsh, Appel, & Duarte, 2008).
In humans, approximately 90% of AGEs are eliminated through
renal excretion, while the rest of 10% are accumulated in the biological
ﬂuids (serum, cerebrospinal ﬂuid, and saliva), oral mucosa and skin,
hard tissues (bone, teeth, joints), organs, nervous ﬁbers, muscles, connective tissue, including pathological structures (Koschinsky et al.,
1997). AGEs accumulation aggravates the existing diseases and increases the risk for the development of other pathologies.
2.2. AGEs in dentin
Human dental tissues are represented by hard tissues: enamel and
dentin, and soft tissues: the pulp, which contains cells, collagen ﬁbers
and intercellular matrix. Dental tissues receive nutrients from blood
vessels and neural impulses through nervous fascicles along the root
canals. Beside nutrients, damaging molecules, including AGEs, also
reach dental tissues. AGEs cross-link collagen ﬁbers and induce morphological and mechanical changes in dentin and pulp. Miguez, Pereira,
Atsawasuwa, and Yamauchi, 2004 demonstrated that the concentrations of dihydroxylysinonorleucine and pyridinoline (two major enzymatic cross-links) in radicular dentin were higher than those in coronal
dentin.
An in vitro study analyzed the degradation of dentine collagen under
trypsin and pepsin action. After 10 weeks of incubation with glucose at
37 °C, the characteristic Maillard ﬂuorescence 370/440 was observed
(Kleter, Damen, Buijs, & Ten Cate, 1997). The authors stated that
dentine collagen was degraded by pepsin- a carboxylic protease which
is active in an acid medium, but not by trypsin which is active in an
alkaline environment.
Furosine (an early Maillard reaction product) collagen cross-links
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and oxidation were examined by ﬂuorescence and HPCL in healthy and
carious dentine (Kleter, Damen, Buijs, & Ten Cate, 1998). In the affected dentine the highest ﬂuorescence was observed at 370/440 which
was associated with the Maillard reaction. The authors found that
dentine matrix was exposed to AGEs only after acid demineralization,
and collagen cross-linking occurred in predentin area.
Greis et al. examined the correlation between age and AGEs ﬂuorescent pentosidine in root dentine- healthy, diabetic, heated and storage. The authors suggested that age produced methylation and DNA
posttranslational modiﬁcation which generated AGEs and aspartic acid
racemization- AAR, both measurable and quantiﬁed. Their results
showed that carious and heated teeth presented high pentosidine levels.
Storage conditions (−20 °C for up to 8 years) had no inﬂuence on teeth
(Greis, Reckert, Fischer, & Ritz-Timme, 2017) Armstrong (1964) supposed that the Maillard reaction was responsible for the increased resistance of dentine collagen against collagenolytic breakdown and for
browning of carious lesions. Based on its ﬂuorescence property, in vivo
ﬂuorescence lifetime measurement (FLM) was used to show ribose incubation for 6–9 weeks to carious-free dentin collagen ﬁbers. FLM decreased in young and aged dentin after incubation with ribose
(Fukushima et al., 2015).
A study conducted by Miura et al. (2014) demonstrated high AGEs
concentration in the intertubular collagenous matrix and along dentinal
tubules in the predentin area. The high AGEs accumulation was related
to the hardness and brown discoloration of dentin, associated with age.
Glycation products not only contribute to the hardness of dental tissues,
but also increase the risk of fracture. Shinno et al. (2016) demonstrated
the role of pentosidine in diminishing ﬂexural strength of both radicular
and coronal dentin, by cross-linking collagen ﬁbers.
Ganeko et al. investigated mandible and femoral bone mechanical
strength and density using nanoindentations tests and 3-point bending
tests, taking into consideration that collagen ﬁber strength and enzymatic cross-links increase the ﬁbers strength, but non-enzymatic ones
(AGEs) decrease bone strength (Karim & Vashishth, 2012). The results
indicated that methionine-treated rabbits had increased primary
strength, whereas AGEs implication lead to bone fragility (Ganeko
et al., 2015).
Sakamoto et al. investigated in vitro osteoblasts activity under the
simultaneous eﬀect of AGEs and P. gingivalis in rat bone marrow culture (Sakamoto et al., 2016). In their paper, it was stated that AGEs
could act from the gingival tissue on the alveolar bone surface by the
opposite eﬀect of osteoclast activation and osteoblast inhibition. The in
vitro study results showed that AGEs addition in culture led to a decrease in alkaline phosphatase activity and bone nodule formation; by
contrast, increased levels of IL-1 and S100A8 inﬂammatory markers
were observed.
Several studies investigated the in vitro modulation of osteoclasts
activity and osteoclastogenesis by AGEs were (Valcourt et al., 2007).
Previous publications suggested that AGEs accumulation was higher in
tissues with low turnover, such as bone, cartilage, tendons, aﬀecting the
mechanical properties (Bartolucci & Parks, 1981). In cortical calve bone
incubated in D-ribose at 37 °C for 3 months, high pentosidine concentration, along with the coloration in brown of the intercellular
matrix were observed. Therefore, AGEs accumulation in bone and
dentine decreased matrix resorption, probably because of the collagen
ﬁber strengthen (Fig. 1).
2.3. AGEs in dental pulp
AGEs create a neutrophilic condition, due to their chemotactic eﬀect
on inﬂammatory markers, increasing ALP and CRP, all together leading
to ROS production, membrane hyperpermeability, collagen and ﬁbroblast production (Vlassara, Brownlee, Manogue, Dinarello, & Pasagian,
1988). In vitro studies on rat dental pulp cell culture (Nakajima, Inagaki,
Hiroshima, Kido, & Nagata, 2013; Nakajima, Inagaki, Kido, & Nagata,
2015) showed AGEs-stimulated release of inﬂammatory Interleukine-1

β (IL-1 β), S100A8, S100A9 (calcium regulators), osteopontin and osteocalcin leading to intrapulpal calciﬁcations. By the same mechanism,
but more abundantly, AGEs accumulate in the carious dentin area
(Matsuda et al., 2016). When RAGE connected to S100 protein, the NFkB pathway was activated, resulting in increased proinﬂammatory response (Takeichi et al., 2011).
During pulpitis, RAGE is intensely expressed in odontoblastic and
subodontoblastic cells, in the predentin area, extracellular pulp matrix
and ﬁbroblasts (Tancharoen et al., 2014). Under normal conditions,
high mobility group box 1 protein (HMGB1) is located in the nuclei, but
in pulpitis and periodontal disease, it moves out into the cytoplasm and
intercellular matrix (Parks et al., 2004). Inﬂamed pulp tissues express
high levels of RAGE and HMGB1, which stimulate the activity of IL-1,
IL-6, IL-8, IL-10 and Tumor Necrosis Factor- α (TNF-α) and dental pulp
ﬁbroblast migration. Depending on their concentration, receptors can
exert a positive or negative eﬀect on cell diﬀerentiation, by damaging
the cellular matrix (Zhang et al., 2014). A previous study showed that
the absence of RAGE in periapical granulomas led to a decrease in
cortical bone resorbtion an in increased bone density (Zhou et al.,
2006).
ROS occur as byproducts of cell normal metabolism. On one hand,
beneﬁcial redox signaling regulates cell diﬀerentiation and tissue regeneration and also prevents aging. On the other hand, high ROS levels
expressed in immune cells have a noxious eﬀect by altering cellular
structure and function and by activating the inﬂammatory response
(Schieber & Chandel, 2014).
Nitric oxide synthase (NOS) is known to generate free radical cytotoxic nitric oxide (NO) in inﬂammatory environment. Hama et al.
examined the interrelation between RAGE and an inducible form of
NOS (iNOS) in periapical granulomas. (Hama, Takeichi, Saito, & Ito,
2007). Their study showed that in granulomas, the inﬂammatory cells
such as macrophages, PMN, lymphocytes and endothelial cells express
on their surface the AGEs receptor, RAGE, while plasma cells do not
express RAGE. Another study assessed the synergic activity between
RAGE and S100 protein in periapical granulomas. The endothelial cells
in granulomas present all of the three AGE, RAGE and S100 proteins on
their surface, and the AGE interaction with RAGE is stronger than with
S100. Moreover, the AGEs formation in the tissues induces the secretion
of adhesion molecules, leading o the recruitment of inﬂammatory cells
to the site of inﬂammation (Takeichi et al., 2011).
Lalla et al. found that RAGE is the cell-expressed receptor for extracellulary newly identiﬁed RAGE (EN-RAGE) binding proteins and
S100 proinﬂammatory cytokines (Lalla et al., 2000). They analyzed in a
murine model the eﬀect of AGEs-RAGE and RAGE-EN-RAGE in diabetes-associated disease. Their study showed that RAGE inhibition reduced the alveolar bone destruction and decreased the gingival levels of
matrixmetalloproteinases (MMPs) and AGEs. In the same study, intraperitoneal soluble RAGE (sRAGE) administered intraperitoneal to
normoglycemic mice did not induce alveolar bone resorption.
Moreover, low levels of sRAGE in crevicular ﬂuid and serum were
associated with high TNF-α in type 2 diabetic patients with periodontal
disease, suggesting the active inﬂammatory environment, both local
and systemic. (Singhal, Pradeep, Kanoriya, & Garg, 2016). These data
and previous ones prove that sRAGE has a positive competitive eﬀect in
AGE-RAGE interaction, and thus inhibits the proinﬂammatory pathways activated by glycation compounds (Singhal et al., 2016). The
above presented studies and not only, show the importance of RAGE
presence and inﬂuence in the maintenance and modulation of the inﬂammatory state.
Regardless of the source, AGEs reach the dental pulp by the blood
ﬂow, and by diﬀusion from dental support structures and gingival
crevicular ﬂuid. AGEs act through an AGE-RAGE inﬂammatory mechanism and induce membrane hyperpermeability, with a negative effect on collagen ﬁbers, down-regulation of osteoblasts discharge, color
and hardness of dental tissues. From the dental pulp, AGEs penetrate
into the dentinal tubules, intertubular area and predentin surface, and
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Fig. 1. Review extraction data methodology chart.

cross-link collagen ﬁbers. In the periodontal ligament, AGEs disintegrate collagen ﬁbers, leading to loss of attachment. They also activate
osteoclast activity and inhibit osteoblast diﬀerentiation, promoting the
resorption of supporting alveolar bone.
Additionally, AGEs pathogenic mechanisms involve removal of
Ca2+ ions from dentin and their precipitation in the dentinal tubules.
Thus, collagen ﬁbers are reinforced and dentinal tubules are obliterated, with subsequent increase in tissue hardness. The lack of nutrients and ﬂuids due to loss of tubular permeability leads to increased
fracture risk. Color changes, from yellow to brown, are time and dosedependent. Age-related discoloration might be associated with high
accumulation of AGEs in dentin and loss of enamel in physiological or
pathological dento-maxillary functions (Fig. 2).
2.4. AGEs in implantology
Few studies investigated the role of AGEs in implant osseointegration. Pietropaoli et al. (2013) examined the diﬀerences in salivary
oxidative stress markers (Thiobarbituric Acid Reactive Substances–TBARS), and AGEs in three groups of healthy, periimplantitis
and periodontitis subjects. They found that AGEs accumulation in
periimplant tissues was higher compared with healthy tissues, but
lower compared with periodontopathic tissues. The authors suggested
that higher AGEs concentration in periodontitis is due to the chronic
inﬂammation; moreover, AGEs overexpression could be linked to the
early onset and progression of the disease. Another study reported
higher salivary AGEs levels in the periimplantitis group, while TBARS
were overexpressed in the periodontopathic group (Ramzan & Malik,
2013). Koutouzis, Catania, Neiva, and Wallet, 2013 investigated the
consequences of implant therapy in a group of patients susceptible to
periodontal disease compared with unaﬀected subjects and demonstrated higher expression of RAGE and toll-like receptor 2 (TLR2) in
gingival biopsies in the diseased group and before therapy.
2.5. AGEs in periodontal tissues
Chronic periodontitis is a site-speciﬁc infectious and inﬂammatory
disease that aﬀects the supportive tissues of teeth, with progressive
attachment and bone loss. Its etiology is represented by bacterial plaque
accumulated on dental surfaces, especially in subjects non-compliant
with oral hygiene (Gurrav, 2016). A study that simulated human

periodontal ligament cells with Porphyromonas gingivalis and matrix
glycation reported the upregulation of RAGE and TLRs, and thus, a
clear connection between the level of glycemia and oxidative stress,
resulting in damage of collagen ﬁbers (Chang, Chien, Chong, Kuo, &
Hsiao, 2013). Another study on experimental periodontal disease a
murine model showed a strong relationship between P. gingivalis, diabetes mellitus and AGE-RAGE interaction in accelerating bone loss and
collagen ﬁber dissolution (Lalla, Lamster, Feit, Huang, & Schmidt,
1998).
Zizzi A et al. investigated in vivo the accumulation of AGEs in gingival tissues in both healthy subjects and patients with periodontitis
(with or without associated diabetes), and the inﬂuence of external
factors (Zizzi et al., 2013). Their results evidenced a high percentage of
AGEs in gingival ﬁbroblasts, vessels and epithelium, and a direct correlation between the amount of AGEs deposited and the time passed
from the installation of diabetes. The authors noticed no correlation
between AGEs accumulation and factors such as glycated hemoglobin,
age and body mass index. They also suggested that a prolonged hyperglycemia could modify the proteins, by increasing their resistance to
proteolytic enzymes.
AGEs inﬂuence the progression and severity of periodontitis that
clinically manifests by slow loss of soft and hard supporting tissues.
Inﬂammatory cells express RAGE proteins linked to AGEs, thus inducing the overexpression of superoxides and dissolution of collagen ﬁbers and morphophysiological changes in periodontal cells (Gurav,
2013; Lalla, Lamster, Stern, & Schmidt, 2001). A study on human
dermal microvascular endothelial cells (HMVEC) exposed to TNF-α, E2
(17b-estradiol) and AGE-BSA (AGE-modiﬁed bovine serum albumin)
reported increased RAGE gene expression by activation of NF-κB and
Sp-1, stress proteins, leading to increased AGEs production (Tanaka
et al., 2000). These observations suggested that AGEs-RAGE interaction
is self-supporting and self-stimulating, maintaining the inﬂammatory
state (Schmidt, Yan, Yan, & Stern, 2000).
In gingival ﬁbroblasts, AGEs activate metalloproteinase-1 (MMP-1),
by the RAGE-NF-κB pathway and mediate the production of proinﬂammatory chemokines with increased apoptosis (Xu, Xiong, Huang, &
Chen, 2015; Yu, Li, Ma, & Fu, 2012). Moreover, NF-κB promote de novo
AGEs synthesis (Lin, Park, & Lakatta, 2009). Periodontal ligament
(PDL) ﬁbroblasts of the middle third of the root treated with AGE-BSA
showed high levels of RAGE and caspase-3 (a proinﬂammatory shock
protein) (Li, Deng, Lv, & Ke, 2014). These molecules diminish cell
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Fig. 2. AGEs negative inﬂuence on dental and periodontal tissues.

viability and perpetuate high AGEs levels via ROS production. AGEs
accumulation in the tissues induces the formation of ROS and the
subsequent activation of the proinﬂammatory NF-κB transduction
factor; AGEs bonds to RAGE, upregulates the vascular cell adhesion
molecules (VCAM-1) and the intercellular adhesion molecules (ICAM1), thus easing their pathway to the periodontal site (Abbass, Korany,
Salama, Dmytryk, & Saﬁejko-Mroczka, 2012).
A study that evaluated RAGE and ROS in gingival tissue of diabetic
and non-diabetic periodontic patients showed that RAGE had a higher
expression in the inﬂammatory cells compared with epithelial cells, and
in periodontal gingiva. However, there was no correlation with the
glycemic status. (Schmidt et al., 1996).
Osteodiﬀerentiation potential of diabetic or healthy periodontalderived stem cells (D-PDLSC/H-PDLSC) is downregulated by the AGERAGE interaction, by the Wnt (wingless-related integration site) signaling pathway. This leads to underexpression of stemness markers and

osteogenic promoters such as ALP (Liu et al., 2015). The Wnt signaling
is formed by canonical (including β-catenin protein) and non-canonical
pathways, and is shown to be involved in cell diﬀerentiation and wound
healing (Daskalopoulus, Janssen, & Blankesteijn, 2013; Fathke et al.,
2006). In contrast, in periodontal tissues, AGEs disintegrate collagen
ﬁbers (Fig. 3).
2.6. AGEs in the saliva
Among other biological ﬂuids used in diagnosis and monitoring the
oral and general pathology, saliva represents an accessible and friendly
source, and it prevents the inconvenient of blood and urine/feces collection. Salivary TBARS, peroxidation membrane biomarkers, and
Advanced Oxidation Protein Products (AOPP) were studied because
they show the severity or eﬃcacy of periodontal therapy (Behuliak
et al., 2009; Guentsch et al., 2008; Sculley & Langley-Evans, 2003; Wei,
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Fig. 3. AGEs implications in periodontal disease.

Zhang, Wanag, Yang, & Chen, 2010). When in pathological conditions
the gingival attachment is oxidized, these biomarkers collect in the
adjacent saliva, and they show the direct eﬀect of the oxidation process.
The Comenius Research Unit in Bratislava used spectrophotometric and
spectroﬂuorometric methods to evaluate AGEs in stimulated versus
unstimulated saliva, in a group of 82 children. Their ﬁndings showed
diﬀerences of AGEs in what concerns gender, oral cavity hygiene,
dental status and periodontal harm, but the age had no inﬂuence in
AGEs amount (Tothova’, Celecov’, & Celeca, 2013). The lack of correlation might be attributed to the healthy condition of the participant
patients.
The same RU compared salivary TBARS and AGEs before and after
oral hygiene, before and after the administration of 250 mg of ascorbic
acid (vitamin C) (Kamodyová, Tóthová, & Celeca, 2013). Spectrophotometric measurements showed a 76% diﬀerence of AGEs in the
morning and an average 46% decrease after oral hygiene. The single
dose of vitamin C administered showed a 64% decrease of AGEs and a
strong reduction of carbonyl stress. Therefore, mechanical removal of
dental plaque correlated with general administration of antioxidant
agents has an immediate eﬀect in decreasing glycation products (saliva
was collected 10 min after toothbrushing). Once intravenously injected,
vitamin C does not need any conversion. It is an active antioxidant and
is correlated with a decrease of inﬂammatory markers, especially Creactive protein (Mikirova, Casciari, Riordan, & Hunninghake, 2013). It
also acts simultaneously with vitamin E in protecting lipid membrane
oxidation, and by regulation of Fe2+ of collagen hydroxylases it contributes to collagen ﬁber synthesis (Du, Cullen, & Buetner, 2012).
2.7. Oral AGEs assessment
In the oral cavity, salivary AGEs might represent the amount of

salivary and crevicular ﬂuid accumulation. In periodontal pockets,
there is a speciﬁc microbiocenosis, diﬀerences regarding bacterial
support and noxious eﬀect, and as a consequence, diﬀerent metabolites,
including mediators of AGEs production. The separate crevicular evaluation might indicate speciﬁc changes or an alteration associated with
the progression of periodontal disease and periimplantitis. Crevicular
ﬂuid can be collected using a cotton swab, in a routine periodontal
diagnostic examination the results of which can oﬀer valuable information.
A salivary biosensor might be developed to provide a real time AGEs
alteration. At a future approach, this device might be used as a diagnostic and treatment tool in low-intensity chronic inﬂammation, and
the results transferred to a wireless application. A biosensor represents
a mechanism involving a biological component combined with a physiochemical detector (Bănică, 2010). To the best of our knowledge,
there is currently no device produced and validated to measure salivary
AGEs. This biosensor could be attached to a mouthguard placed in the
patients’ oral cavity, and repeated non-invasive evaluations would be
performed, for a real-time evaluation of AGEs modiﬁcations. Non-invasive monitoring of salivary AGEs could be used for the management
of healthy subjects and particularly, patients aﬀected by the general
disease, and last but not least, for self-management at home.
2.8. AGEs in oral pathology – Quo vadis?
The interrelation between AGEs and oral cavity diseases has a high
research potential. It raises multiple questions to answer and subjects to
be studied.
Concerning the aging process, it is known that AGEs accumulation
has a continuous depositing. It is not known if it can be correlated with
AGEs accumulation in the oral mucosa and if the aging process be
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evaluated non-invasively, by determination of dental color. There are
no studies assessing hard dental tissue accumulation of AGEs in pediatric patients or volunteers. AGEs deposits increase gradually depending on intake and time, but the starting point of AGEs deposition is
missing. Consequently, there is a need for prospective monitoring studies in children, with the associated dietary follow-up. These results
could be correlated with the known evaluations of healthy or diseased
patients. Furthermore, spectroscopic and spectroﬂuorometric measurements are practical, non-invasive, highly sensitive techniques.
Using them, a gradient scale AGEs/dose-time-age axis, or even a dental
color map related to AGE expression could be built up. By repeated
multiple assessments, a dental color hallmark for each person could be
designed, and eventually a storage database could be created.
Dental color changes could show the amount of AGEs from local and
general pathological reactions, and their correlation in dental tissues
with the deposition in other organs could show a metabolic resonance
of chronical disease.
In 1971, a pigment - formed by carbonyl groups - was isolated from
the carious dentin in a non-acid non-hydrolysis medium; this pigment
was not found in healthy dentine (Kleter, 1998). It was supposed that in
carious dentin, due to the oxygen-free environment, small aldehydes
reacted with proteins and led to coloration of collagen ﬁbers and incercellular matrix, along with the progression of the carious lesion.
AGEs deposits are dose and time-related. After their formation, they
deposit wherever they ﬁnd protein structures. This might partly explain
why studies report diﬀerences in results concerning AGEs values in
biological ﬂuids and organs. Speciﬁc nutrients, physiological and negative eﬀect mechanisms contribute to glycation products and ROS
outcome, and as a consequence, local aggressiveness of red complex
periodontopathic bacteria could increase AGEs values in oral structures,
saliva and crevicular ﬂuid. Therefore, AGE-induced dentin color
changes might be intensiﬁed in local pathologies or the absence of oral
hygiene. It is important to consider the other factors that inﬂuence
dental color, such as intrinsic and extrinsic discoloration, genetic diseases (amelogenesis imperfecta or dentinogenesis imperfecta), tooth
vitality, which directly inﬂuences the amount of AGEs reaching dental
tissues, as well as the patients’ speciﬁc diet in terms of calories, acidity
and pigment content.
Enamel is formed by micrometric prisms of hydroxyapatite, namely
crystalline calcium phosphate, and is free of collagen ﬁbers. Since AGEs
crosslink collagen ﬁbers and deposit by this mechanism, theoretically,
in the enamel they have no structures to bind to. However, there are
two proteins, enamelin and amelogenin that AGEs might aﬀect, especially in youngsters, in whom tooth development is not fully complete.
DAGEs could even penetrate intraosseous ameloblasts and collagen ﬁbers in deciduous teeth and aﬀect the color and structure of teeth in the
process of eruption.
AGEs’ deposition in dentin requires the development of methods for
eliminating or decreasing the levels of AGEs from the dental structures.
AGEs deposition can be controlled by reducing speciﬁc exogenous
sources and by enhancing endogenous antioxidant systems. Their reaction before AGEs cross-linking of collagen ﬁbers might prevent color
modiﬁcations. Studies mentioned earlier showed a clear diﬀerence in
AGEs concentration between healthy and decayed teeth. AGEs discoloration measurements might represent an innovative approach in
prophylactic dentistry, reducing early dentin damage. In dental restorations, dentists create microretentive surfaces by etching the prepared dentin and enamel with acid substances, such as hydroﬂuoric
acid or phosphoric acid, which ﬂatten collagen ﬁbers. High acid concentrations might upregulate the production of ROS and AGEs, which
are harmful for both odontoblasts and dentin collagen ﬁbers, since the
ﬁbers have been already morpho-functionally altered by the susceptibility to fracture, closed tubules and Ca2+ precipitate, and diminished
water. A new bonding system which does not dehydrate and aﬀect
dentin collagen should be taken into consideration.
In implantology, periodontal AGEs assessment could represent an

examination for the diagnosis and prognosis of the future restoration.
The evolution of periimplantitis might be evaluated by assessing AGEs
deposition in inﬂamed periodontium or subclinical inﬂammation. As
shown above, few studies have investigated the inﬂuence of AGEs in
implant osseointegration or local inﬂammation reaction, such as periimplantitis. The results have evidenced a direct association between
AGEs levels and inﬂammation of periodontal tissues. The diﬀerences
found in periimplantitis versus periodontal disease are based on the
chronic condition of the latter. The eﬀects of glycation products are
time and dose related, AGEs accumulation being known to be irreversible. Cross-linking, inhibition of osteoregeneration and osteoclast upregulation aﬀect soft and hard tissue support, more severely in pathological conditions such as metabolic syndrome. AGEs screening before
implant therapy might represent a direct investigative approach in the
prognosis of osseointegration and perimucosal inﬂammation risk.
Immune response in pulp pathology is possible to be modulated by
AGEs molecules and inﬂuence the irreversibility of pulpitis. As to root
canal sealing materials, they could be modiﬁed by adding AGEs
blocking agents, and thus, periapical pathological process to be
stopped. The main AGEs antagonists are antioxidant agents, which
could be associated with general or local targeted drugs such as antidiabetics and metronidazole or Ca2+ channel blockers and tetracycline,
with the precaution that Ca2+ ions downregulate the antibiotic eﬀect.
Their eﬃcacy might be transferred to root canal treatment, by developing a sealing agent that includes one of these AGEs inhibitory agents,
which can be used as an intermediate process or a ﬁnal sealing substance, which is an easy and useful approach.
3. Conclusions
The involvement of AGEs in the generation of low-intensity, chronic
inﬂammation demonstrates their implication in the generation and
aggravation of general and oral pathologies. Regardless of their origin,
these products have a dose and time-related cumulative negative eﬀect
on human tissues. The chairside assessment of salivary AGEs could be
an innovative approach to the diagnosis of disease showing a low-intensity inﬂammation, and to the prognosis of future treatment protocols
proposed. Interdisciplinarity is necessary for the design of long-lasting,
eﬃcient therapies. Both general and dental clinicians can beneﬁt from
the information provided by AGE evaluation, and collaborate for a twosided pathological approach. Salivary AGEs might represent an innovative approach for future diagnostic and prognostic techniques, due
to its advantage as an easy, non-invasive collection method, and to the
correlation with other biological ﬂuids.
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Abstract
Smoking is a risk factor for developing severe pathologies, including destructive periodontitis. The
study aimed at assessing the cytotoxic effect of nicotine on periodontal mesenchymal stem cells. Four types
of cells were isolated from human periodontium: gingival ligament stem cells (GLSCs), periodontal
ligament stem cells (PDLSCs), gingival tissue stem cells (GTSCs), and alveolar bone stem cells (ABSCs).
Cells were cultured on 96-well plates and exposed to serial concentrations of nicotine, ranging from
0.155µM to 31.125µM for 24h and 48h. The cytotoxic effect was assessed using the MTT [3-(4,5dimethylthiazol-2yl)-2,5-diphenyltetrazoliumbromide] assay. Histological examinations were performed,
and the optical density was read with a microplate reader. Statistical analysis employed ANOVA and
Tukey’s Multiple Comparison Test. The results demonstrated that high nicotine concentrations (3.112µM 31.125µM) induced marked cell death in all types of cells. Intermediate doses (0.622µM - 3.112µM)
induced autophagy in all cells and significantly decreased the number of ABSCs after 24h; contrarily,
GLSCs and GTSCs were slightly affected after 48h; PDLSCs were the most resistant. Low nicotine doses
(0.155µM - 0.311µM) had no significant effect compared with the control. In conclusion, nicotine exerted
dose- and time-dependent cytotoxic effects; however, the periodontal stem cells showed different responses,
according to their origin.

Keywords: cytotoxicity, mesenchymal stem cells, nicotine, periodontium
1. Introduction
Smoking significantly reduces life expectancy and is one of the main risk factors for
mortality worldwide (CENTERS FOR DISEASE CONTROL AND PREVENTION [1],
WOLRD HEALTH ORGANIZATION [2], P. JHA & al. [3]). The role of smoking in developing
numerous diseases and disabilities - including cancer, cardiovascular, metabolic and pulmonary
diseases - has been well documented (CENTERS FOR DISEASE CONTROL AND
PREVENTION [4], U.S. CENTERS FOR DISEASE CONTROL AND PREVENTION [5]).
Moreover, evidence suggests that smoking affects oral health by causing oral mucosal
lesions and destructive periodontal disease (SOPORI [6]). Effects such as delayed wound
healing, loss of attachment (N.L. BENOWITZ & al. [7], B. HOLTFRETER & al [8]), deep
periodontal pockets, and reduction of alveolar bone mass have been strongly related to
smoking. Additionally, the response to periodontal surgical and non-surgical treatment was
less favorable in smokers compared with non-smokers (B.W. BENSON & al. [9], R.
KALLALA & al. [10]).
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Several clinical and experimental studies proved that nicotine from cigarette smoke
initiates several pathogenic mechanisms underlying all these conditions (G.R. SOUTO & al.
[11]). Systemically, nicotine induces oxidative stress and activates the inflammatory and
immune responses (SOPORI [6]); locally, additional effects include vasoconstriction and
decreased oxygen concentration in the periodontal tissues (S.C. GOMES & al. [12], H.
HERMIZI & al. [13]).
The periodontium is a complex association of specialized tissues which maintain their
structural integrity by continuous adaptation, remodeling and regeneration (H. MAEDA & al.
[14]). Under normal conditions, homeostasis is accomplished by proliferation and
differentiation of mesenchymal stem cells present in the periodontal tissues. Mesenchymal stem
cells are multipotent progenitor cells capable of regenerating tissues by differentiating into cells
of mesenchymal lineage: fibroblasts, osteoblasts, adipocytes, and chondrocytes (G.T.-J.
HUANG & al. [15]). These cells are present in various tissues, including the components of the
periodontium, such as the periodontal ligament, gingiva, and the alveolar bone (G.V. THOMAS
& al. [16], A.R. NAVABAZAM & al. [17]). However, the regenerative potential of periodontal
stem cells may be altered by various factors, including smoking.
Prior in vitro studies demonstrated that nicotine plays a crucial role in regulating cellular
processes such as proliferation, differentiation and migration (W. ZHU & al. [18]); thus, it affects
the development of stem cells and has a negative biologic effect on a wide range of periodontal
cells: periodontal ligament fibroblasts, cementoblasts, periodontal myofibroblasts, gingival
fibroblasts and osteoblasts (C.M. CARBALLOSA [19], S. BHAT [20]). However, the
mechanisms of tissue damage connected to smoking are not clearly explained.
The purpose of this study was to assess the nicotine cytotoxicity on periodontium derived
mesenchymal stem cells regarding cell viability and the mechanisms underlying this effect.
2. Materials and methods
Materials and reagents:
1. Growth media: Dulbecco’s Modified Eagle’s Medium (DMEM) with 4500 mg/l glucose,
F-12 HAM, Foetal bovine serum (FBS), Phosphate Buffered Saline (PBS) (Sigma-Aldrich).
2. Chemicals: Antibiotics: Penicillin, Streptomycin, L-Glutamine, Non-essential amino
acids, Trypsin, EDTA, beta-mercaptoethanol, natrium pyruvate, DMSO (dimethyl sulfoxide),
absolute ethanol and endotoxin free water were purchased from Sigma-Aldrich. MTT (3-(4,5dimethylthiazol-2yl)-2,5-diphenyltetrazoliumbromide) reagent was purchased from SigmaAldrich), N3876 SIGMA, (−)-Nicotine ≥99% (GC), liquid (Sigma-Aldrich).
3. Cell lines and cell cultures: we used mesenchymal stem cells (MSCs) derived from
the human periodontal tissues. For the cell cultures, we employed 25-cm2 culture flasks, 96well plates purchased from Nunc, and Lab-Tek Permanox chamber slides.
Methods
1. Isolation and culture of human MSCs derived from periodontal tissues
Cells were previously isolated from human periodontal tissues surgically harvested from
impacted third molars extracted for orthodontic purposes. The study was conducted on females
aged from 18 to 22 years, who showed no comorbidities, and were free of infectious
complications, cysts or tumors associated with teeth. All patients confirmed the participation in
our study by signing an informed agreement. The clinical protocol was approved by The Ethical
Committee of the University of Medicine and Pharmacy “Iuliu Hatieganu”, Cluj-Napoca,
registration number: 343/2.10.2014.
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The four cell lines were: gingival ligament stem cells (GLSCs) from the cervical zone of
the teeth, periodontal ligament stem cells (PDLSCs) from the middle third of the root,
gingival tissue stem cells (GTSCs) from the gingival lamina propria, and alveolar bone stem
cells (ABSCs) from the inter-radicular septum.
Cells were characterized at fifth and sixth passage for expression of stem cells markers by
immunocytochemical staining, flowcytometry (CD44, CD49e, CD29, CD73, CD105, CD117,
Nanog, OCT ¾, Sox-2, SSEA-4) and RT-PCR (real-time polymerase chain reaction).
Additionally, the ability of cells to differentiate into multiple types of cells was tested for
osteogenic, chondrogenic and neuronal differentiation (unpublished data).
2. Cell treatments
The nicotine stock solution (20mM) was diluted with endotoxin-free water to obtain the
concentrations used for the cell treatments (1:1, 1:10, 1:50, 1:100).
Cells were seeded in 96-well plates (2x104 cells in 200µl complete medium) and
incubated for 24h for the cell monolayers to reach 75-80% confluence. Then, cells were
treated with serial dilutions of nicotine for 24h and 48h. The final nicotine concentrations in
the wells were as follows: N1=31.125µM, N2=15.5625µM, N3=6.225µM, N4=3.1125µM,
N5=1.55625µM, N6=1.245µM, N7=0.6225µM, N8=0.31125µM, N9=0.155625µM. All the
experiments were performed in triplicate.
3. MTT viability assay
The cytotoxic effects of nicotine were assessed using the MTT assay. After 24h and 48h
of exposure to nicotine treatments, the medium from 96-well plates was discarded and
100µl/well MTT solution (1 mg/ml in Hanks solution without phenol red) was added. After
one hour incubation at 37ºC in the dark, the MTT solution was discarded and replaced with
150 µl of DMSO. The optical density (OD) was measured at a wavelength of 570 nm with a
Biotek Synergy 2 microplate reader (Winooski, VT, USA). The results were interpreted by
comparing the OD values of untreated controls with nicotine treated samples.
Histological analysis was also performed. Cells in cultures were visualized using a Zeiss
Axiovert D1 inverted phase microscope (Carl Zeiss International, GmbH, Germany),
equipped with a PlasDIC condenser and a 20X objective. Images were captured with an
AxioCam MRC camera.
4. Statistical analysis - Data were analyzed with the one-way ANOVA, followed by
Tukey’s Multiple Comparison Test (p-value <0.05), using the GraphPad Prism 5 software (La
Jolla, CA, USA).
In our study, the MTT assay was used as a measurement tool of the mitochondrial activity,
and indirectly as a cell viability test. Moreover, MTT staining allowed the histological
examination of cells in culture by visualization in inverted phase light microscopy.
MTT is a tetrazolium salt which is transformed by the mitochondrial oxidoreductase that
is active in viable cells, into a formazan compound colored in dark blue. Formazan crystals
are insoluble in aqueous solution, so DMSO was used as a solvent, and a color reaction was
obtained. The OD of the supernatant in each well is correlated with the number of
metabolically active cells; therefore, it could be used as an indicator of the cell viability and
proliferation. The histological examination provided additional information on the
mechanisms underlying the cytotoxic effect of nicotine regarding cellular death and changes
in cell morphology: the shape, aspect of the cytoplasmic processes, and signs of autophagy.
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3. Results and discussion
The four periodontal stem cell lines (GLSCs, PDLSCs, GTSCs, and ABSCs) were
exposed to nicotine and their responses were compared, taking into consideration that the
various periodontal tissues are not uniformly affected by nicotine. The gingiva is directly
exposed to the cigarette smoke during inhalation, but the profound tissues, such as the
periodontal ligament and the alveolar bone are influenced by the nicotine that has been
absorbed into the blood and transported to the periodontium.
In order to examine the dose-dependent cytotoxic effect of nicotine, all four types of cells
were treated with nine different concentrations of nicotine. Moreover, the time-dependent
toxicity was evaluated by comparing the responses after continuous exposure to nicotine for
24h and 48h.
Results of the MTT assay
High nicotine doses (N1-N3) induced a significant cell death in all four cell lines after
24h and 48h. However, there were differences in the effect of intermediate (N4-N7) and low
doses (N8, N9) of nicotine at the two-time points.
GLSCs showed no significant response to intermediate and low nicotine concentrations
(N4-N9) after 24h. However, some decline in the number of viable cells could be observed at
N4-N7 doses after 48h, suggesting a delayed toxicity. (Fig. 1)

Figure 1. GLSCs responses to nicotine after 24 and 48h. (***p < 0.0001; **p<0.001)

Similar results were observed for PDLSCs, with some differences: a stronger cytotoxic
effect for N4 nicotine concentration at 24h, and for N5 at 48h. PDLSCs seemed not to be
affected by the lowest nicotine concentrations (N8 and N9) with cell numbers similar or even
slightly increased compared with the control. PDLSCs appeared to be the most resistant to
low doses of nicotine. (Fig.2)

Figure 2. PDLSCs responses to nicotine after 24 and 48h (*** p < 0.0001; *p<0.05)
Romanian Biotechnological Letters, Vol. 21, No. 4, 2016
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The behavior of GTSCs was quite similar to GLSCs; the main difference was a more
pronounced decrease in cell viability after 48h, even for cells treated with the lowest
concentrations (N8 and N9). (Fig.3)

Figure 3. GTSCs response to nicotine after 24 and 48h (***p < 0.0001; **p<0.001; *p<0.05).

ABSCs showed an increased sensitivity to nicotine even at the lowest doses (N6- N9)
after 24h, compared with the other three cell types. Surprisingly, bone stem cells treated with
intermediate and low nicotine concentrations (N5-N8) restored their functions after 48h and
reached cell numbers comparable to the control. (Fig.4)

Figure 4. ABSCs response to nicotine after 24 and 48 h (*** p < 0.0001; **p<0.001; *p<0.005).

Nicotine in doses ranging from 3.112µM to 31.125µM exerted a significant cytotoxicity
on all periodontal stem cells after 24h and 48h, whereas intermediate and low doses induced
different effects, depending on the type of cells. Nicotine in doses ranging from 0.622µM to
1.556µM slightly reduced the cell number after 24h and showed a more severe effect after
48h on GLSCs, PDLSCs, and GTSCs. Lower doses (0.155µM and 0.311µM) did not
significantly affect cell viability but stimulated cell proliferation. By contrast, ABSCs were
more sensitive: intermediate and low doses of nicotine (0.3112µM to 1.556µM) significantly
reduced cell numbers after 24h; interestingly, cells treated with doses lower than 1.556µM
proliferated and reached a comparable number to the control.
These results suggest that the cytotoxic effect of nicotine is both dose-dependent – high
doses induced significant death in all types of cells – and time-dependent – the reduction in
cell number was more important after a longer exposure when intermediate doses were used.
Particularly, the ABSCs were the exception: they were dramatically affected by intermediate
and even low doses of nicotine after 24h, but their number was restored after 48h. Therefore,
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there was a minimum time-dependent toxicity level.
The intense cell death after incubation with high doses of nicotine for 24h suggests fast
transport of the drug through the plasma membrane and its rapid association with intracellular
components. This is consistent with published data reporting that nicotine from cigarette
smoke was rapidly absorbed in the oral cavity during inhalation due to its ability to bind to
cell membranes (TANG [21]).
A number of studies support our findings referring to the in vitro cytotoxicity,
demonstrating that nicotine-induced dose-dependent negative effects on various cells (S. BHAT
[20], F.L. ULMER & al. [22]). However, the nicotine doses and the time of exposure were
different than ours. Fang et al. reported that nicotine in doses ranging from 0.01mM to 1mM
decreased gingival fibroblasts proliferation after 30h and inhibited their differentiation into
myofibroblasts; they also demonstrated that nicotine inhibited attachment and proliferation of
human periodontal ligament fibroblasts in a dose-dependent manner (Y. FANG & al. [23]). In a
study conducted by Gullihorn et al., low doses of nicotine (12.5-250ng/mL) induced bone cells
proliferation and activated cell metabolism (L. GULLIHOM & al. [24]).
Published data reported that nicotine may also induce various biological effects,
including generation of inflammatory cytokines and reactive oxygen species in cementoblasts
(C.S. CHEN & al. [25]), inhibition of protein synthesis in periodontal ligament fibroblasts (R.
KALLALA & al. [10]), increased alkaline phosphatase activity and stimulation of protein and
collagen synthesis in bone cells (H. HERMIZI & al. [13], Y. FANG & al. [23]).
When comparing the responses of the four types of cells, our results suggested that ABSCs
were the most sensitive to nicotine after 24h, whereas GTSCs appeared to be the most affected
by intermediate and low doses of nicotine after 48h. There was no significant difference
between GLSCs and PDLSCs. These observations are not consistent with data reported by
Chen et al., who observed that human periodontal ligament fibroblasts were more sensitive to
nicotine treatment compared with human gingival fibroblasts (C.S. CHEN & al. [25]).
Interestingly, by taking together our results and data reported by other studies, it can be
observed that periodontal stem cells were more sensitive to nicotine compared with adult
cells. Several papers demonstrated that nicotine was cytotoxic to cementoblasts in doses
higher than 1.5mM (C.S. CHEN & al. [25]), and to periodontal ligament fibroblasts in
concentrations of 2.5mM (Y.C. CHANG & al. [26]) gingival fibroblasts proliferation was
inhibited by doses higher than 7.8mM, and 25µM nicotine solution had the same inhibitory
effect on periodontal ligament fibroblasts (C.S. CHEN & al. [25]).
Results of the histological examination
Phase contrast microscopy images confirmed the MTT results.
GLSCs treated with high nicotine concentrations (N1 and N2) were unstained suggesting
that they were no longer viable, although cell bodies showed no major morphological
changes. A marked decrease in cell numbers was observed for N3 and N4 concentrations at
both time points, whereas N5 and N6 induced a reduction in cell metabolism after 48h. The
lowest concentrations seemed not to affect the viability and cell numbers even after 48h. A
characteristic aspect of autophagy has been found when using N4-N7 concentrations, with the
presence of autophagosomes in metabolic active cells. The autophagic activity decreased in
cells treated with N7 concentration and at N8 and N9 no autophagy could be observed. (Fig.5)
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Figure 5. Photomicrographs of GLSCs treated with serial dilutions of nicotine,
after 24h and 48h (200x).

The highest nicotine concentrations induced a violent PDLSCs death, suggested by the
unstained cells that still preserved their morphology. Cells treated with N3 and N4 became roundshaped and presented a strong decrease in cell numbers. Autophagy was observed starting with
the N5 concentration. The lowest doses (N7-N9) increased the proliferation rate. (Fig.6)

Figure 6. Photomicrographs of PDLSCs treated with serial dilutions of nicotine,
after 24h and 48h (200x)

The morphological aspects of GTSCs were identical to GLCSs and PDLSCs, regarding
the presence of autophagy starting with the N5 dose, and an increased proliferation rate in
cells treated with N6-N9 concentrations. (Fig.7)

Figure 7. Photomicrographs of GTSCs treated with serial dilutions of nicotine,
after 24h and 48h (200x)
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ABSCs showed the same aspects: cell death at the highest concentrations (N1-N3),
autophagy or cells treated with N4-N6 concentrations and a slight proliferation for N7-N9
doses. (Fig.8)

Figure 8. Photomicrographs of ABSCs treated with serial dilutions of nicotine,
after 24h and 48h (200x).

The four types of periodontal stem cells exhibited similar histological features when
treated with identical nicotine doses. Cells treated with high doses (15.562µM – 31.125µM)
appeared unstained, proving that the mitochondrial oxidoreductases were no longer active
when the MTT assay was performed; moreover, cells preserved their shape, suggesting an
instantaneous cell death.
Doses ranging from 3.112µM to 6.225µM caused the death of the majority of cells in
each well after 24h; cells that were still viable showed significant morphological changes and
a delayed cell death occurred after 48h. Intermediate doses (0.622µM – 1.556µM) induced
autophagy in all cells after 24h and 48h. The lowest doses (0.155µM – 0.311µM) did not
affect the cell morphology, and autophagy vesicles were not present; contrarily, these doses
even induced an increase in cell number and density.
Our histological findings suggest, like in other studies (S.Y. KIM & al. [27]), that
autophagy initiated in viable cells by the intermediate doses may be one of the pathogenic
mechanisms underlying the nicotine cytotoxic effect.
Autophagy is an alternative cellular catabolic process that allows the orderly degradation
and recycling of the cellular components; it is also one of the mechanisms associated with
programmed cell death (BAEHRECKE [28]). Autophagy is characterized by the formation of
autophagosomes, which are double membrane vesicles delimiting the cytoplasmic contents
marked for destruction, such as abnormal protein aggregates and excessive or altered
organelles (Y. TSUJIMOTO & al. [29]); subsequently, the autophagosome fuses with a
lysosome and the contents are degraded by the hydrolases (BAEHRECKE [28]).
In pathological conditions, the autophagosomic-lysosomal degradation of cytoplasmic
contents leads to morbidity and cell death. However, recent research sustains the argument
that autophagy in injured cells is an adaptive response to stress in order to promote survival
(BAEHRECKE [28]). In our study, the autophagic activity in periodontal stem cells could be
regarded as a repair mechanism and an attempt to maintain cell viability.
A number of studies demonstrated several other mechanisms underlying nicotine
cytotoxicity: intracellular thiol depletion (C.S. CHEN & al. [25]), DNA fragmentation (S.Y. KIM
& al. [27]), generation of reactive oxygen species (Y. TSUJIMOTO & al. [29]) and activation of
the nicotinic acetylcholine receptor in periodontal ligament fibroblasts (S.Y. KIM & al. [27]).
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In the present study, nicotine-induced dose- and time-dependent cell death and inhibited
periodontal stem cell proliferation. These observations provide an important clinical
significance since stem cells have a crucial contribution to periodontal regeneration by their
proliferation, differentiation, and migration. Therefore, factors that alter stem cells functions
would also impair tissue repair and regeneration. This suggests that nicotine might be one of
the factors responsible for rendering cigarette smokers more susceptible to the destruction of
the periodontium and less responsive to regenerative procedures during periodontal therapy.
To our knowledge, the present study was the first to assess and compare the cytotoxicity
induced by nicotine on different types of periodontal stem cells. Until now, various adult
cells, such as: periodontal ligament fibroblasts and myofibroblasts, gingival fibroblasts,
cortical neurons, osteoblasts, and cementoblasts have been examined for their in vitro
response to nicotine (G.T.-J. HUANG & al. [15], F.L. ULMER & al. [22]).
Our further studies will focus on the effect of nicotine on the ability of periodontal stem
cells to differentiate into chondrogenic, osteogenic and neurogenic lineages.

4. Conclusions
Nicotine exerted dose- and time-dependent cytotoxic effects on mesenchymal stem cells
derived from the human periodontium. The periodontal stem cells exhibited different
responses to nicotine according to their origin.
One of the mechanisms associated with nicotine cytotoxicity was the induction of
autophagic activity in the periodontal stem cells.
Nicotine decreases viability of periodontal stem cells and alters the regenerative potential
of the periodontium. Thus, it might promote severe periodontal destructions and impair the
periodontal treatment outcome.
Taken together, the results of the present study provide significant evidence that support
the implementation of individualized therapeutic approaches for a more efficient management
of the cigarette smoking-related periodontal diseases.
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Abstract: Saliva has gained considerable attention as a diagnostics alternative to blood analyses. A
wide spectrum of salivary compounds is correlated to blood concentrations of biomarkers,
providing informative and discriminative data regarding the state of health. Intra-oral detection and
assessment of food and beverage intake can be correlated and provides valuable information to
forecast the formation and modification of salivary biomarkers. In this context, the present work
proposes a novel intra-oral optical fiber sensor, developed around an optical coupler topology, and
exemplified on the detection and assessment of wine intake, which is accounted for example for the
formation of Nε-carboxymethyllysine Advanced Glycation End-products. A laboratory proof of
concept validates the proposed solution on four white and four red wine samples. The novel optical
sensor geometry shows good spectral properties, accounting for selectivity with respect to grapebased soft drinks. This enables intra-oral detection and objective quality assessment of wine.
Moreover, its implementation exploits the advantages of fiber-optics sensing and facilitates
integration into a mouthguard, holding considerable potential for real-time biomedical applications
to investigate Advanced Glycation End-products in the saliva and their connection with
consumption of wine, for the evaluation of risk factors in diet-related diseases.
Keywords: optical fiber sensors; wearable sensors; intra-oral sensors; optical coupler; side-emitting
fiber; wine spectroscopy; wine color analysis.

1. Introduction
Clinical diagnosis is commonly based on invasive procedures for the determination of diseasesignaling blood biomarkers. Although blood biomarkers are considered to be the most relevant in
the diagnostics procedure [1], the research community targets to investigate the collection of
biomarkers from alternative body fluids: sweat, saliva, tears, etc. [2–5].
Human saliva is indeed an attractive oral fluid, and its preference over other body fluids mainly
consists of the ease of collection and relative simplicity of analysis, while exhibiting a reduced risk of
cross-contamination and infection spread [6]. Indeed, a wide spectrum of compounds present in the
salivary fluid has been proven as highly informative and discriminatory, and could be considered as
targeted analytes for intra-oral sensors in order to investigate the oral and general health status of an
individual [7]. At the present time, several electrochemical sensors have been developed for the
Sensors 2019, 19, 4719; doi:10.3390/s19214719
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analysis of various salivary components such as: glucose, urea, cytokines, mucins, and Advanced
Glycation End-products. Moreover, it was determined that salivary compounds are well correlated
to the blood concentrations of numerous analytes [8]. Thus, saliva analysis enables a painless
diagnostic alternative to accurately reflect the healthy vs. diseased state conditions in humans,
particularly useful for people with nervousness concerning the collection of blood samples or for
those who require frequent clinical monitoring with multiple sampling in a relatively narrow time
interval, e.g., every hour, multiple times per day, etc.
Point-of-care biosensensors are developed to help in the early diagnosis, periodic monitoring,
and treatment of disease. Wearable sensors have recently received considerable interest for real-time
monitoring of different parameters, specific for the wearer’s health, in a wide range of biomedical
point-of-care biosensors [5], sport [9], diet-related diseases [10], and military scenarios [11]. Most of
the activity on wearable sensors has focused either on the non-invasive monitoring of vital signs via
electrophysiological signals, as, for example, electrocardiography, electromyography,
photopletismography, pulse oximetry, etc. [12–14], or on chemical sensing for chemical biomarker
detection in body fluids [15–18].
The intra-oral concept has gained considerable interest as a wearable biosensing platform with
real-time monitoring. For exemplifications, denture-based sensors have been reported for pH and
temperature monitoring in [19]. Another example consists of a mouthguard biosensor for continuous
salivary-based monitoring of metabolites, as reported in [20].
Integration of electrochemical sensor into the oral cavity is strongly limited by the necessity of a
power supply, e.g., external supply, battery or energy harvesting, and corresponding electronics. As
such, another direction of research targets in vivo monitoring with battery-less operation of the
wearable sensor [21]. A solution for bacteria monitoring in the saliva, reported in [22], resembles a
dental tattoo consisting of a resistor, inductor and capacitor (RLC) resonant circuit which has the
resistance value, and, consequently, the resonant frequency, varied in the presence of the salivary
compounds of interest. Supplying and reading the sensor are performed over the resonant coil, thus
eliminating the need for onboard power and external connectivity.
Alternatively to electrophysiological monitoring and electrochemical sensing, optical sensing, in
the shape of wearable and autonomous equipment, is enabled by 25 years of tremendous growth and
development in the field of fiber optics. Fiber optic sensors offer a wide range of advantages over
traditional sensing systems: small size for integration, ease of manufacturing and adaptation for
patient-dedicated components, electrical passivity and immunity to electromagnetic interferences,
electrical isolation, safety for interaction with the human body as well as environmentally friendly in
the sense that fiber optics do not contaminate their surroundings [23,24]. From the signal point of
view, fiber optic sensors exhibit a wide dynamic range and high sensitivity, thus having the ability
to monitor a wide array of physical and chemical parameters.
Various technologies, including infrared spectroscopy, fluorescence spectroscopy, Raman
spectroscopy, liquid chromatography–mass spectrometry (LC-MS), and gas chromatography–mass
spectrometry (GC-MS), were proven capable of sensitive detection of different sample compounds,
but require expensive equipment and complicated operation for home-based care applications. The
optical fiber-based platform offers a suitable, sensitive alternative for point-of-care monitoring of
different chemical parameters [25].
Advanced Glycation End-products (AGEs), familiarly known as Maillard products, have
recently gained interest as novel biomarkers in the evaluation of risk factors in diet-related diseases.
AGEs are inherently formed in foods, and are hypothesized for their endocrine disrupting properties
considered as a significant concern for public health [26]. Endocrine disruptors (ED) are either natural
or synthetic chemicals (such as pesticides, metals, additives or contaminants in food, and personal
care products), which, at certain dosage, interfere with hormones of the living system. Thus, they
have been suspected to be associated with health defects such as abnormal growth patterns and
neurodevelopmental delays in children, as well as changes in the immune function, altered
reproductive function in males and females, and increased incidence of breast cancer [27]. It is
estimated that about one thousand out of one hundred thousand manufactured chemicals have
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endocrine disrupting properties [28]. As such, a new field of research aims towards the development
of new salivary biosensor platforms for AGE identification [29–31].
Human exposure to EDs occurs via ingestion of food, water, alcohol, and dust, as well as
inhalation of gases and particles in the air and through the skin. For instance, MG (methylglyoxal),
GO (glyoxal), and 3-DG (3-deoxyglucosone) derived AGEs are highly formed during manufacturing
of bakery products, carbonated soft drinks sweetened with high fructose corn syrup and fermented
foods such as yoghurt, wine, or beer. Thus, the assessment of food and beverage intake provides
results very well correlated to the formation of AGEs [32]. For a concrete exemplification, the intake
of wine is correlated to the formation of Nε-carboxymethyllysine (CML) and accounts for the intake
of 11.20–32.80 AGEs kU/100 mL (estimated for Pinot Noir and Pinot Gris, respectively) [33], and is
far more elevated in the cases of chronic alcohol misuse [34]. While salivary biomarker sensing is
difficult to be performed with purely optical means, an alternative approach assumes to rather
perform identification and assessment of wine in order to forecast the formation and/or modification
of targeted biomarkers.
In this paper, we propose a novel intra-oral fiber-optics-based sensor geometry, aiming for the
detection and assessment of wine intake. We have previously demonstrated fiber-optics-based
salivary optical sensing in [35]. On the other hand, we have illustrated that intra-oral label-free
sensing with a D-shaped side-polished optical fiber sensor is limited. Nevertheless, the
implementation of intra-oral sensors with plastic optical fibers (POF) accounts for a series of
advantages such as flexibility and ease of integration into an intra-oral device. Moreover, fiber-optics
sensors can be straightforwardly extended with the deposition of a labeling layer, as well as a noble
metal layer for surface plasmon resonance (SPR) [36].
The proposed sensor geometry drops the traditional transmission configuration [37] in favor of
an optical coupler topology. The proof-of-concept intra-oral optical sensor is developed around a
POF deployed in a T-optical coupler topology, having optical radiation applied laterally into a
D-shaped side-polished optical fiber. Unlike the previously reported salivary sensor in [35], which is
implemented around a fluorescent optical fiber and performs analyte detection via the modification
of the fluorescence spectrum, the intra-oral sensor proposed in this work performs analyte
identification via its spectral signature. Depending on the spectral analysis specifications for analyte
identification, this can be performed on either the radiation spectrum, the transmission spectrum, or
the absorption spectrum, respectively. In the present exemplification, which targets wine detection
and assessment, sensing will be performed by investigating the absorption spectrum, and only the
visible range will be considered. Two types of radiation sources are investigated: a broad-band white
LED source to implement point sensing, and a side-emitting fiber to extend the sensing area. To
replicate intra-oral sensing conditions, the proposed optical sensor is integrated into a mouthguard
support. Tests are then carried out in a laboratory environment to validate the proposed sensor
laboratory proof of concept.
2. Materials and Methods
2.1. Point Intra-Oral Sensor
The proposed intra-oral optical sensor implementation concept is illustrated in the diagram from
Figure 1, resembling point sensing. The proposed optical sensor is developed around a D-shaped
side-polished POF. Rather than having the fiber propagate optical radiation applied axially on one
end, which is the case for side-polished evanescent-wave optical fiber sensors [36–39], the proposed
solution assumes having optical radiation applied vertically into the polished fiber surface,
implementing an optical coupler topology.
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Figure 1. Implementation concept of the proposed intra-oral optical sensor, consisting of an LED
source and a D-shaped side-polished optical fiber deployed in a vertical coupler topology,
implementing point sensing.

Operation of the proposed intra-oral sensor is described as follows. A white LED source
(supplied from battery voltage VBAT over bias resistance R) applies wide-band radiation onto the
polished surface of the optical fiber, i.e., the sensing area. This radiation is coupled into the optical
fiber and is transmitted to the fiber receiving end. An analyte, present on the sensing area of the fiber,
filters the incident radiation and consequently modifies the parameters of the propagated radiation.
A spectrometer, deployed on the fiber receiving end, can then be employed to assess the spectrum of
the propagated radiation, enabling analyte identification based on its spectral signature.
As illustrated, the proposed intra-oral sensor concept implements vertical coupling of the optical
radiation into the fiber, resembling the topology of a T coupler [40,41]. Accordingly, the T-coupler
spectral attenuation measures, expressed in terms of insertion loss, coupling ratio, and excess loss,
are considered for spectral characterization of the proposed intra-oral sensor.
Insertion loss (IL) is expressed as

ILi ( λ ) = 10lg

Pin ( λ )

Pout ,i ( λ )

,

(1)

where Pin(λ) is the power of the incident light source and Pout,i(λ), i = {1, 2}, is the power measured at
both optical fiber receiving ends.
Coupling ratio (CR) is expressed as the difference between the insertion loss measurements in
dB, at the two fiber ends, as

CR ( λ ) = IL1 ( λ ) − IL2 ( λ ) .

(2)

Excess loss (EL) is expressed as

ELi ( λ ) = 10 lg

Pin ( λ )
.
Pout ,1 ( λ ) − Pout ,2 ( λ )

(3)

As expressed in Equations (1)–(3), the insertion loss, coupling loss, and excess loss are
wavelength dependent. Thus, the spectral attenuation measures are employed to characterize the
intra-oral sensor in the wavelength domain.
The proposed intra-oral sensor exhibits several advantages in comparison to a classical
evanescent-wave side-polished optical fiber sensor. On one hand, lateral application of the incident
radiation through the polished fiber surface eliminates the limiting effects of sensing area length and
polishing depth, which is the case with evanescent-wave optical sensors [38]. On the other hand,
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lateral illumination of the optical fiber accounts for increased flexibility and is more convenient for
applying light into the fiber core, while relaxing the specifications for expensive coupling optics,
which is the case for axial illumination [42–44]. In addition, the proposed sensor topology can be
straightforwardly applied to extend the sensing area.
2.2. Extended Sensing Area Intra-oral Sensor
For the realization of extended area sensing, the sensing area on the optical fiber is extended by
having polished a longer fiber section in contrast to the point sensor. Then, the incident radiation
must also be distributed to feed light into the optical fiber along the entire sensing area. For this
purpose, a side-emitting fiber was deployed as illustrated in the diagram of the extended sensing
area intra-oral sensor from Figure 2.

R

LED

VBAT
nco
ncl

analyte
nana lyte

Figure 2. Implementation concept of the extended sensing area intra-oral sensor, consisting of an LED
source, a side-emitting fiber, and an end-emitting fiber. Sensing is achieved by having the
end-emitting fiber incident illumination applied via a side-emitting fiber, which distributes the
incident LED source onto the entire sensing surface.

As illustrated, the side-emitting fiber and the end-emitting optical fiber are deployed in parallel,
in an emitter–receiver structure, implementing vertical coupling of the optical radiation [40]. The
sensing procedure is the same as for the point sensor. The analyte present on the sensing area will
filter the incident illumination, thus modifying the parameters of the propagated radiation. However,
in contrast to the point sensor, the extended sensing area sensor enables intra-oral detection along
the whole polished fiber length.
Some considerations regarding the deployment of the side-emitting fiber must be specified at
this stage. Propagation of light in an optical fiber is performed via total internal reflection (TIR),
provided that the core and the cladding refraction indices, nco and ncl respectively, follow

nco > ncl ,

(4)

determining a critical angle θc expressed by

θc = 900 − arcsin

ncl
n
= arccos cl .
nco
cco

(5)

In contrast to the end-emitting optical fiber, the core and cladding refraction indices of
side-emitting fibers are chosen such as to violate the TIR condition expressed in Equation (4) and
have the refraction indices be approximately equal [45]. As a consequence, radiation applied axially
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into the side-emitting fiber fiber will gradually leave the fiber via diffraction during propagation.
Typically, the side glow intensity IS decreases exponentially with length,

I s ( d ) = ( 4π

)

−1

⋅ I in ⋅ (1 − exp( − kd )) ,

(6)

where k is the scattering coefficient, Iin is the input source intensity, and d is the distance variable along
the fiber length [46]. Considering, however, that the targeted fiber length for integration into the intraoral device is of only a few centimeters, it is sensible to consider the side-emission intensity constant.
With respect to integration into the intra-oral device, bending the side-emitting fiber to fit the
curvature of the mouthguard produces a macrobending. By definition, a macrobending of the fiber
is a curvature with a radius larger than the core diameter [47,48], as depicted in Figure 3.
The macrobending accounts for a geometric asymmetry in between the fiber core and
cladding [45], which alters the incidence angle as follows. The macrobending produces a local change
of the core refractive index profile expressed by [44,47–49]:

2ncl 2
nco ' ( r,θ ) = nco (r ) +
r cosθ
R
,
2

(7)

where R is the bending radius, θ is the bending angle, and r is the radial distance from the fiber axis.
The critical bending radius Rc is derived as

RC =

2 ncl λ
4π

( nco − ncl )

3

.

(8)

Iout

θ
R

θi
Iin

Figure 3. A macrobending of an optical fiber, with the illustration of the input source intensity Iin,
intensity of the light, which leaves the fiber through the bending Iout, the propagation parameters:
incidence angle θi, and length variable d, and the bending parameters: bending radius R and bending
angle θ.

Accordingly, the core refractive index nco’ can be decreased, as prescribed in Equation (7), by
increasing the bending radius R above Rc :

R ↑ (>> RC )

nco ' ↓ ,

(9)

and increasing the bending angle θ around or above the critical angle θc, yet below 90° [48]:

θ ↑ (≥ θ C )

nco ' ↓ .

(10)
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This violates the TIR condition in Equation (4) even further, translating to a larger amount of
light leaving the fiber. This determines an increased side-glow intensity, while, on the other hand, it
determines a propagation loss aMB expressed as

aMB (d , λ, r,θ )[dB] = 10lgexp(2 ⋅ d ⋅αMB (λ, nco '(r,θ ))) ,

(11)

where αMB(λ, nco’) is the macrobending loss coefficient. The phenomenon of propagation loss due to
fiber macrobending is undesirable for fiber optics data transmission. In this work, however, it
contributes to the increase of the side-glow intensity of the side-emitting fiber, and, consequently, the
optical sensor incident light source intensity.
As was the case with the point intra-oral sensor, the extended sensing area sensor is assimilated
to an optical coupler, with the side-emitting fiber as the emitter and the end-emitting fiber as the
receiver. The sensor is then characterized in the spectral domain as an optical coupler. However,
considering the nature of the sensor, assimilation to an optical coupler assumes a continuum of
emitters and receivers along the sensing area, making it impractical to assess individual loss
components (for example, in terms of insertion or excess loss, respectively) as was the case with the
point sensor.
On the other hand, the extended sensing area intra-oral sensor is also affected by additional
sources of loss. The side-emitting fiber exhibits a wavelength dependency of the side glow, given by
the scattering coefficient k in Equation (6), as well as by the macrobending parameters Rc and aMB
defined in Equations (8) and (11), respectively. The scattering coefficient of side-glow fibers exhibits
an inverse proportionality vs. wavelength [50]. With respect to propagation, this accounts for a strong
attenuation of short wavelengths (blue to green) for short distances and the transmission of long
wavelengths (yellow to red) towards longer distances. This phenomenon was confirmed by our
laboratory measurements. On the other hand, the bending parameters Rc and aMB exhibit a direct
proportionality vs. wavelength [51]. The scattering coefficient k and the macrobending parameters Rc
and aMB follow opposite wavelength dependency trends, with different magnitudes.
As such, an input/output spectral attenuation measure would be better suited to assess the
wavelength dependency of the superimposed losses. For this purpose, we have considered the
wavelength dependent coupling loss [40,52] as a spectral measure of the optical coupler for the
characterization of the proposed extended sensing area intra-oral optical sensor. The wavelength
dependent coupling loss (CL) is defined as an input/output ratio:

CL ( λ ) = 10lg

Pin ( λ )

Pout ( λ )

(12)

and resembles a superposition of individual loss components, rather than providing an individual
estimate for each individual loss component which occurs during propagation and coupling, as was
the case with the point sensor. Thus, the benefit of employing this measure is that, besides insertion
loss and excess loss, the wavelength dependent coupling loss of the extended sensing area intra-oral
sensor accounts for the wavelength dependency of the side-emitting fiber input/side-glow
relationship, as well as the wavelength dependency of the bending loss.
2.3. Sensor Integration into a Mouthguard
Two laboratory proofs of concept have been realized for the proposed intra-oral optical sensor:
one for the point sensor and one for the extended sensing area sensor. The parameters of the plastic
optical fibers are as follows: a 1 mm diameter end-emitting optical fiber with a 1.49 core refractive
index and a 0.5 numerical aperture, and a 1 mm side-emitting fiber with a 1.525 core refractive index
and a 0.6 numerical aperture.
The point intra-oral optical sensor consists of an LED source that applies light laterally into a
side-polished optical fiber. A Chibitronix SMD form factor white LED (Chibitronics, Lewes, DE,
USA), mounted on a flexible triangular sticker substrate alongside the bias resistance and pads for a
3V external power supply, was employed for this purpose. The D-shaped side-polishing of the end-
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emitting optical fiber was realized using the Industrial Fiber Optics IF CPK 2000 grit polishing paper
(Industrial Fiber Optics, Inc., Tempe, AZ, USA). Polishing was realized by describing an 8-shaped
motion with the bended fiber on the polishing film. The footprint of the LED and the fiber has been
drilled
into
the
mouthguard.
The
LED
was
deployed
underneath
the
side-polished optical fiber, with a 0.5 mm spacing in between the LED and the fiber, such as to have
the light applied over the polishing into the fiber core, as illustrated in Figure 4.

Figure 4. Practical realization of the point intra-oral sensor laboratory proof of concept, which has the
LED source and the optical fiber from the sensor structure integrated into a lateral mouthguard.

The extended sensing area intra-oral optical sensor consists of a side-emitting fiber and an
end-emitting optical fiber, deployed in parallel in a vertical coupler topology. Integration into the
mouthguard follows the diagram illustrated in Figure 5 and is described as follows.

Figure 5. Practical realization of the extended sensing area intra-oral sensor laboratory proof of
concept, which has the side emitting fiber and the end-emitting fiber deployed in parallel and
integrated into a frontal mouthguard. The source, which feeds light axially into the side-emitting
fiber, is external to the sensor.

Two parallel canals were drilled into the mouthguard, such as to have the fibers deployed in
parallel with a 0.5 mm spacing. This deployment is then parallel to the lingual slope and
perpendicular to the dental arch. The advantage of this deployment is that the sensing surface is
inherently exposed to the saliva.
Particular care was paid to having the curvature of the side-emitting fiber envisioned at this
stage of the integration process. The side-emitting fiber and the side-polished end-emitting fiber are
next fitted into the designated canals, such that the polished surface of the end-emitting optical fiber
is oriented towards the curvature of the side-emitting fiber. To counter the inherent elasticity of the

Sensors 2019, 19, 4719

9 of 28

plastic fiber, a thin layer of acrylic resin was used to fix the fibers, thus preventing them to jump out
from the designated canals. The sensing surface, however, was left exposed to the intra-oral
environment in the shape of a window.
2.4. Spectral Analysis of Wine Color
Wine color analysis is performed in this work, with the proposed intra-oral optical sensor, by
acquiring and assessing the wine absorption spectrum in the visible range, via the proposed intraoral optical sensor. The measurement setup is depicted in Figure 6. A white LED applies wide-band
radiation onto the analyte, either directly or via a side-emitting fiber, depending on whether the point
sensor or the extended sensing area sensor is being tested. A KMAC SV2100 spectrometer (KMAC,
Daejeon, Korea) is employed for the acquisition of the sensor output spectrum.

(b)

(a)

Figure 6. The intra-oral optical sensor test setup for wine color analysis: (a) point sensor test setup,
and (b) extended sensing area sensor test setup.

The typical absorption spectra of white and red wines, respectively, are illustrated in the
qualitative plots from Figure 7. There are specific particularities in the shape of the wine absorption
spectra that are exploited for wine color analysis. White wines exhibit a peak of the absorption spectra
in the 400–480 nm wavelength range. Red wines, on the other hand, exhibit an absorption maximum
at 520 nm, i.e., absorption of red—standing for the representative absorption of anthocyanins and
their flavylium combinations, and a trough at 420 nm, i.e., absorption of yellow—standing for the
absorption of tanins and flavonols [53].
A

A

A40nm

A580nm
A420nm

dA[%]

A520nm

A620nm

T
400

480

(a)

λ [nm]

420

520

620

λ [nm]

(b)

Figure 7. Qualitative plot of a typical absorption spectrum for: (a) white wines, and (b) red wines.

Wine color is mainly defined in terms of intensity, chromaticity, and brightness [53–56]. Each of
these measures is expressed, based on the wine absorption spectrum. It should be noticed, however,
that these measures are employed in practice only for the assessment of red wines.
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Intensity (I) provides an objective quantitative assessment of wine color. The Sudraud method [57]
defines wine intensity as the sum of the absorbance measurements at the 420 nm (yellow) and 520 nm
(red) wavelengths, respectively,

I = A420nm + A520nm ,

(13)

where Aλ is the absorbance measurement at wavelength λ. Wine intensity in Equation (13) is well
correlated to the average n of sensory test scores [58], as expressed by
n = 23 ⋅ lg I .

(14)

Although wine intensity in Equation (13) is a good estimate for the sensorial ranking of wines,
as prescribed by Equation (14), it is noteworthy that Equation (14) only holds for red and rose wines,
whereas, for white wines, n results in negative values and the equation become inapplicable.
In addition to the yellow and red absorption components, the Glories method [59] also considers
the absorbance at the 620 nm, i.e., absorption of blue, standing for the absorbance of quinonic forms
of free and combined anthocyanins. Accordingly, the intensity expression is redefined as

I ' = A420nm + A520nm + A 620nm .

(15)

Intensity further on enables the assessment of the wine color composition [53–56], defined by
the contribution of each absorption component to the overall intensity, particularly useful in the
assessment of wine color saturation, as follows:

A420nm [%] =

A420nm
⋅100 ,
I'

(16)

A520nm [%] =

A520nm
⋅100 ,
I'

(17)

A620nm [%] =

A620nm
⋅100 .
I'

(18)

Hue (T) provides an objective assessment of wine chromaticity and is defined as the angle of the
line that connects absorbance components at the 420 nm and 520 nm wavelengths, respectively, on
the absorbance spectrum [53], as illustrated in Figure 7b. An estimation of this angle is given by the
definition of hue as the ratio of the absorbance measures at the 420 nm and 520 nm wavelengths,
respectively [57],

T=

A420 nm
.
A520 nm

(19)

With respect to wine aging, red wine assumes a shift from strong red towards orange-red, due to
the transition from monomeric to polymeric anthocyanins, respectively. In the spectral domain, this
translates to a decrease of A520nm and an increase of A420nm, which influences the hue accordingly [60].
Brightness (dA[%]) measures the clearness of the wine and is linked to the shape of the
absorption spectrum, as prescribed by equation

dA[%] = (1 −

A420 nm + A620 nm
) ⋅ 100 ,
2 ⋅ A520 nm

(20)

and corresponds to the A420nm, A520nm and A620nm triangle median length, as illustrated in Figure 7b.
Brightness measures the contribution of red, i.e., the flavilium cations of the free and combined
anthocyanins [53,56], to the wine color. Accordingly, a larger brightness value stands for a dominance
of the red color of the wine.
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3. Results
The laboratory proof of concept of the proposed intra-oral optical sensor is tested in laboratory
environment for the intra-oral detection and assessment of wine. Wavelength selective attenuation
measures are first assessed in order to have a spectral characterization of the intra-oral optical sensor.
Next, measurements on wine samples are carried out. The test results are presented as follows to
validate the proposed intra-oral optical sensor.
3.1. Spectral Characterization of the Intra-Oral Optic Sensor
The spectral attenuation of the point intra-oral sensor is expressed in terms of the T-coupler
insertion loss, coupling ratio, and excess loss. The test setup is illustrated in Figure 8a.

VBAT

R

5V

LED
optical filter

5.5k

LDR

(a)

1cm
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(b)
Figure 8. Test setup for the assessment of the point intra-oral sensor spectral attenuation measures:
(a) schematic diagram, (b) practical realization with external LED supply and optical filter foils.

The optical power from Equations (1)–(3) was replaced with the electrical power measured on a
light dependent resistor (LDR). In the measurement setup, the optical fiber output end was focused
onto the LDR, connected to a 5 V DC supply in a resistive divider topology with an additional 5.5 K
resistance. The output electrical power Pout,i(λ), i = {1, 2}, was measured at each of the coupler outputs
by having each fiber end illuminate the LDR successively. The reference power Pin(λ) was measured
by having the white LED source (measured broadband spectrum with a 457 nm spectral peak and
8.03 μW emission power) illuminate the LDR over a 1 m long POF optical fiber.
In the absence of a monochromator, as was described in the procedure from [41], wavelength
scanning was performed with the use of optical filter foils deployed in between the LED source and
the side-emitting fiber, as illustrated in Figure 8b. This allowed for the acquisition of the output
radiation power estimate for a discrete set of wavelengths, as listed in Table 1 alongside the spectral
attenuation measures. The corresponding spectral attenuation measures were then interconnected
with cubic spline interpolation.
Table 1. Resistance values of light dependent resistor measured for different wavelengths of the
sensor input, and the corresponding spectral attenuation measures: insertion loss (IL), coupling ration
(CR) and excess loss (EL).

Wavelength
455 nm
456 nm
470 nm
480 nm
533 nm
538 nm
556 nm
562 nm
607 nm
623 nm
630 nm

RLDR@end1
1.7 kΩ
2.2 kΩ
1.7 kΩ
1.9 kΩ
2.2 kΩ
2.9 kΩ
2.8 kΩ
1.9 kΩ
2.5 kΩ
2.1 kΩ
2.3 kΩ

RLDR@end2
1.6 kΩ
2 kΩ
1.4 kΩ
1.7 kΩ
2 kΩ
2.8 kΩ
2.6 kΩ
1.7 kΩ
2.5 kΩ
2 kΩ
1.9 kΩ

IL1
0.74
0.4
1.03
0.7
0.42
−0.16
−0.12
0.7
0.64
0.4
0.35

IL2
1.09
0.6
1.7
0.95
0.55
−0.13
−0.04
0.95
−0.61
0.52
0.68

CR
0.35
0.18
0.66
0.25
0.13
0.03
0.08
0.25
0.02
0.12
0.32

EL
6.02
6.43
5.57
6.1
6.44
7.07
7.02
6.1
7.56
6.46
6.41

The point intra-oral sensor spectral attenuation measures are plotted in Figure 9, with dashed
line for 1st order interpolation (straight-line interconnection of the points listed in Table 1) and with
continuous lines for cubic spline interpolation.
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(c)
Figure 9. Spectral attenuation measures of the point intra-oral optical sensor expressed in terms of:
(a) insertion loss, (b) coupling ratio, (c) excess loss.

As illustrated by the insertion loss measures plotted in Figure 9a, as well as by the coupling ratio
plotted in Figure 9b, the proposed intra-oral optical sensor can indeed be assimilated to a T coupler
with a split ratio close to 50%-50%. Indeed, the insertion loss measures at the two fiber ends are
approximately equal, and the wavelength dependency of the coupling ratio exhibits a rather small
fluctuation—less than 1dB peak-to-peak. Similarly, the excess loss plotted in Figure 9c exhibits a peak
to peak variation of maximum 2 dB, and can therefore be assimilated to be relatively flat. Accordingly,
the point intra-oral sensor is to be considered transparent with respect to color.
A similar procedure was adopted to characterize the spectral behavior of the extended sensing
area intra-oral sensor, expressed in terms of wavelength dependent coupling loss. The test setup is
illustrated in Figure 10. An addition to the measurement setup is that an external CLM1C-WKW cool
white high brightness LED (HBL) (measured broadband spectrum with 445 nm and 567 nm spectral
peaks and 174 μW emission power) was used as white radiation source, which applies wideband
radiation axially into the side-emitting fiber over a PMMA fiber. This latter PMMA fiber was used as
transmission medium to connect the HBL to the intra-oral sensor in order to counter the effect of
wavelength selective attenuation of the side-emitting fiber propagated radiation.

R

HBL

PMMA fiber

Side-emitting fiber

POF

Spectrometer
VSOURCE

double connector

Figure 10. Test setup for the assessment of the wavelength dependent coupling loss of the extended
sensing area intra-oral sensor.

The wavelength dependent coupling loss of the extended sensing area intra-oral sensor is
plotted in Figure 11, illustrating as expected a rather strong loss for short wavelengths, i.e., the blue
spectrum. It should be noticed that, besides the superposition of individual loss components, e.g.,
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insertion loss, excess loss, bending loss, and side-emitting fiber input/side-glow relationship which
are impractical to be assessed individually for the extended sensing area intra-oral sensor, the
wavelength dependent coupling loss measured with the setup from Figure 10 also accounts for the
double connector that joins the PMMA fiber to the side-emitting fiber for application of the incident
radiation [61].

Figure 11. Wavelength dependent coupling loss of the extended sensing area intra-oral sensor.

3.2. Wine Color Analysis Results
The proposed intra-oral optical sensor implementations were tested to acquire the wine
absorption spectrum with eight types of wine: four white wines and four red wines, respectively. A
set of reference measurements were first carried out following the standard spectrometric method
for wine color determination. The test setup is illustrated in Figure 12 and consists of a KMAC TH
2100 broadband source, i.e., 400–800 nm Tungsten Halogen, and a KMAC SV2100 spectrometer. The
samples of wine to be tested for the reference absorption spectra were applied into plastic cuvettes.
It should be noticed that plastic cuvettes were employed instead of quartz, which is actually the
standard, in order to attenuate the incident radiation on the spectrometer sensor and prevent
saturation. The reference absorption spectra will be plotted alongside the wine absorption spectra
acquired with the proposed sensors for comparison.
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Figure 12. Test setup, consisting of a TH 2100 Tungsten Halogen source and SV 2100 spectrometer,
for the acquisition of the reference absorption spectra of the wine samples in plastic cuvettes.

Tests of the proposed intra-oral sensor aim to replicate the intra-oral sensing environment in a
wine tasting scenario. The sensor, integrated into a mouthguard and supplied from an external 3 V
source, was mounted onto a custom jaw mold as illustrated in Figure 13. Accordingly, the sensing
plane is parallel to the lingual slope and perpendicular to the dental arch, thus the analyte will pour
through, rather than stagnate, on the sensing surface. The sensor was initially moistened with Ringer
solution to replicate saliva in the oral cavity. Wine samples were then applied onto the sensing area
with a pipette, and the KMAC SV2100 spectrometer, deployed on the sensor receiving end, acquired
the wine spectrum. The sensing area was rinsed with water in between successive tests.
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Figure 13. Illustration of the intra-oral optical sensor test procedure for wine color analysis, which
assumes having the sensor integrated into a mouthguard and mounted onto a custom jaw mold.

The spectrum of the blank system, i.e., in the absence of the analyte, is first plotted for reference
in Figure 14, to illustrate that spectra acquired in the following tests are indeed a consequence of the
analyte, i.e., wine. Further on, our preliminary tests illustrate that water, Ringer solution, and human
saliva don’t inflict any modifications to the spectra plotted in Figure 14, and can be considered
transparent in the visible range for the proposed sensing systems.

Figure 14. Spectrum of the blank system, i.e., in the absence of the analyte, with a blue line for the
point sensor (with white LED source), orange for the extended sensing area sensor (with white LED
source), and green line for the reference system (with Tungsten Halogen source).
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First, the experimental results obtained with white wine are presented. Four types of white wine
have been considered in our tests: Sauvignon Blanc, Yellow of Transylvania (i.e., Fetească Regală, a
variety of wine mainly cultivated and produced in Romania), blended dry wine, and blended
medium dry wine. The absorption spectra of the white wines considered in our tests, acquired via
the proposed intra-oral sensors, are plotted in Figure 15. The results obtained with the point and the
extended sensing area sensor respectively are plotted alongside the reference for comparison.

(a)

(b)

(c)

(d)

Figure 15. White wine absorption spectra, acquired via the proposed intra-oral sensor
implementations, with a blue line for the point sensor, orange line for the extended sensing area
sensor, and green line for standard spectroscopic method, respectively: (a) blended dry, (b) blended
medium dry, (c) Yellow of Transylvania, (d) Sauvignon Blanc.

As illustrated in Figure 15, the white wine absorption spectra follow the specifications of having
a spectral peak in the 420–480 nm range, followed by a monotonous roll-off towards longer
wavelengths. It should be noticed, however, that the maxima of the absorption spectra acquired with
the point and extended sensing area sensors respectively, as listed in Table 2, exhibit a wavelength
shift of about 20 nm. This is attributed to the side-emitting fiber wavelength-selective behavior to
attenuate short wavelengths inherent to side-emitting fiber operation, this phenomenon being visible
on the spectrum of the blank system. Accordingly, wavelengths rejected by the side-emitting fiber don’t
even reach being applied onto the analyte to be absorbed by the latter, translating into the 20 nm shift.
It should be noticed that literature doesn’t provide a definition for white wine color
characteristics based on the absorption spectra, as is the case for the red wine color characteristics
defined in Equations (13)–(19). The CIE Lab color scheme is rather used for the objective assessment
of white wine color. Nevertheless, the authors in [62] provide an illustration of the employment of
the red wine color characteristics for the assessment of white wines, and, for that purpose, the
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absorption spectra plotted in Figure 15 allow for the reading of absorption magnitudes at specific
wavelengths of interest.
Second, the experimental results obtained with red wine are presented. Four types of red wine
have been considered in our tests: Cabernet Sauvignon, Fetească Neagră (a variety of grapes
cultivated in Romania), blended medium dry, and blended medium sweet. The absorption spectra of
the red wines considered in our tests, acquired with the proposed intra-oral sensors, are plotted in
Figure 16. The results obtained with the point and the extended sensing area sensor, respectively, are
plotted alongside the reference for comparison.
Table 2. White wine absorption peaks, acquired with the point and extended sensing area intra-oral
sensors, respectively.

Wine Type
blended dry
blended medium dry
Yellow of Transylvania
Sauvignon Blanc

Absorption Peak
Point Sensor Extended Sensing Area Sensor
438 nm
452 nm
432 nm
451 nm
434 nm
450 nm
431 nm
453 nm

(a)

(b)

(c)

(d)

Figure 16. Red wine absorption spectra, acquired via the proposed intra-oral sensor implementations,
with the blue line for the point sensor, orange line for the extended sensing area sensor, and green
line for standard spectroscopic method, respectively: (a) blended medium dry, (b) blended medium
sweet, (c) Fetească Neagră, (d) Cabernet Sauvignon.
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As plotted in Figure 16, the red wine absorption spectra follow the specifications of having a
peak around 520 nm and a trough around 420 nm. Again, the spectral troughs exhibit a 10–20 nm
right shift, as was the case for white wine.
The magnitude of the absorption spectrum at 420 nm, 520 nm and 620 nm, acquired with the
point intra-oral sensor, are listed in Table 3 alongside the intensity I, estimated sensory test score n,
modified intensity I’, hue T and brightness dA[%]. To be notices is that the spectral shift is very strong
for Fetească Neagră which, according to our measurement results, accounts for a hue value larger
than unity.
Table 3. Red wine absorption spectrum magnitudes and the estimated wine color measures,
determined with the point intra-oral sensor.

Wine type
blended medium dry
blended medium sweet
Fetească Neagră
Cabernet Sauvignon

A420nm
1.5
1.2
1.6
1.6

A520nm
1.7
1.8
1.5
1.8

A620nm
0.19
0.17
0.07
0.19

I
3.2
3
3.1
3.4

n
26.7
25.2
26
28.1

I’
3.39
3.17
3.17
3.59

T
0.88
0.67
n.a.
0.88

dA[%]
50.3
61.9
44.3
50.2

The magnitude of the absorption wavelength at 420 nm, 520 nm and 620 nm, acquired with the
extended sensing area intra-oral sensor , are listed in Table 4 alongside the intensity I, estimated
sensory test score n, modified intensity I’, hue T and brightness dA[%]. Additionally, a multiplicative
correction factor of 5 was added to each absorption value to compensate for the strong attenuation
inherent to the side-emitting fiber.
Table 4. Red wine absorption spectrum magnitudes and the estimated wine color measures,
determined with the extended sensing area intra-oral sensor.

Wine type
blended medium dry
blended medium sweet
Fetească Neagră
Cabernet Sauvignon

A420nm
1.5
1.45
1.45
1.5

A520nm
1.65
1.7
1.55
1.65

A620nm
1.3
1.3
1.3
1.4

I
3.15
3.15
3
3.15

n
26.4
26.4
25.2
26.4

I’
4.5
4.5
4.35
4.55

T
0.9
0.85
0.93
0.9

dA[%]
13.6
17.6
9.6
12.1

As listed in Table 3 and Table 4, the measurement results are comparable with respect to
intensity and estimated sensory test score. The hue measure is also comparable for the blended
medium dry and Cabernet Sauvignon wine types. On the other hand, the measures for modified
intensity and brightness change due to the A620nm magnitude which is different for the two sensors.
Indeed, A620nm is considerably smaller than A520nm and A420nm for the point sensor, whereas they are
comparable for the extended sensing area sensor.
The difference between the results obtained with the point and extended sensing area sensors
respectively consists mainly of the magnitude of the absorption spectral components and the 10–20 nm
shift in between the spectral peaks. As specified earlier, the spectral shift is attributed to the
side-emitting fiber, and, since this phenomenon is known and expected, it can be accounted for during
operation. Thus, both sensors are applicable for the intra-oral detection and assessment of wine.
Considering however the nature of the application, which assumes real-time assessment of wine
intake, a sip of wine would fill the oral cavity and won’t require localizing the presence of wine. From
this point of view, we continue our tests with the point sensor.
In the following test scenario, we aimed to detect and assess red wine in the saliva. The normal
flow for unstimulated saliva is approximately 0.1 mL/min and for the stimulated saliva is
0.2 mL/min [63]. This amount of saliva does not induce important dilution of the wine; therefore, the
wine color is not significantly affected. Rather, saliva contains several peptide families, including the
proline-rich proteins that interact with the phenolic compounds in wine, and form complexes that
modify the perception of astringency and bitterness [64]. The Fetească Neagră red wine was chosen
for this test, as it exhibits the strongest color tonality. Tests were carried out using the point sensor.
The absorption spectra for different dilutions of wine in saliva are plotted in Figure 17.
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Figure 17. Fetească Neagră red wine absorption spectra, acquired with the point sensor, for different
dilutions of wine in saliva.

As illustrated, the red wine absorption spectrum follows the specifications depicted in the
qualitative plot from Figure 7b. Accordingly, the proposed sensor is applicable for wine identification
in the oral cavity. On the other hand, the larger the dilution of wine, the smaller the magnitudes of
the absorption spectrum samples. Thus, while it is still possible to detect and assess wine even in
cases of rather large dilutions, applicability of the proposed sensor becomes limited for the detection
of traces of wine in the saliva.
The optical sensor we developed is also suitable for the assessment of non-alcoholic wines, based
on the wine chemistry. The plyphenolic content of wines is responsible for the wine color. Depending
on the method used for dealcoholization, the reduced alcohol wines have different physical and
chemical properties: higher concentration in polyphenols and organic acids, and increased color
intensity [65].
With regard to sensor selectivity, we have performed the same spectrometric analyses as for
wines on grape-based drinks, using the point sensor. Three types of commercially available drinks
have been considered: white grape (grapes 5%) and aloe vera drink, white grape (grapes 11%) and
raspberry, red grape fizzy drink (grapes 0.1%). The absorption spectra of the grape-based drinks
considered in our tests, acquired with the proposed point sensors, are plotted in Figure 18.

Sensors 2019, 19, 4719

22 of 28

(a)

(b)

Sensors 2019, 19, 4719

23 of 28

(c)
Figure 18. Grape-based drink absorption spectra, acquired via the proposed intra-oral point sensor:
(a) white grape (5%) and aloe vera, (b) white grape (11%) and raspberry, and (c) red grape (0.1%) fizzy
drink.

As illustrated, the absorption spectrum of the white grape and aloe vera drink plotted in
Figure 18a are clearly distinguished from that of white wines. On the other hand, the shape of the
absorption spectra plotted in Figure 18b,c resembles that of the red wines. This is attributed to the
red color of the raspberry and the red grape. The magnitudes of the spectral peaks, however, are
considerably smaller than those determined for red wines, and, on the other hand, the difference
between the two peak magnitudes is considerably smaller than for the red wines. As such, the
absorption spectra of the soft drinks is clearly distinguished from the red wine spectra as well.
Another aspect to be considered regards the implementation of the proposed sensors using
POFs. Alcohol will dissolve plastic in time and, in the absence of a protective foil, the lifetime of the
proposed sensor becomes limited. We have performed five repetitions of each test and have obtained
similar results. Then, we have inspected the POFs after each repetition and didn’t find any
degradation caused by alcohol.
4. Discussion
Test results obtained after testing the proposed intra-oral optical sensors for the detection and
assessment of wine in the oral cavity lead to a series of valuable conclusions, enumerated in the
discussion which follows.
The wine absorption spectra acquired with the proposed intra-oral sensor and a KMAK SV2100
spectrometer resemble the typical wine absorption spectrum, exhibiting the typical absorption peak,
trough and roll-off range. Moreover, the acquired spectra exhibit specific differences with respect to
the type of wine being analyzed. Thus, the acquired wine spectra allow for wine discrimination based
on the spectral signature.
The wine absorption spectra acquired with the proposed sensor exhibit a resolution fine enough,
in both wavelength and amplitude domains, to express the measures of wine colors defined in terms
of intensity, chromaticity, and brightness. Accordingly, the proposed intra-oral sensor enables
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characterization of wine color, which provides valuable objective information with respect to the
assessment of wine quality.
As illustrated by all of the test results, the proposed intra-oral optical sensor, with either point
or extended area sensing, is validated in the laboratory environment and proves to be applicable for
real-time intra-oral sensing.
At this stage, a discussion concerns which of the point or extended sensing area sensor should
be chosen for a specific application. Considering the nature of wine testing, which is the scenario
targeted in this work, a sip of wine fills the oral cavity. This makes the deployment of an extended
sensing area sensor for wine detection unjustified. Moreover, the large attenuation introduced by the
side-emitting fiber is too high a price for the target of detecting the same type of analyte all along the
dental arch. On the other hand, the target of detecting specific compounds that are uniquely localized
inside the oral cavity, e.g., blood in the saliva as was the case in [35], which requires a thorough
cartography of the oral cavity, renders the extended sensing area intra-oral sensor well argued.
Further experiments aimed to test the applicability of the proposed sensor for the identification
of wine in contact with saliva. Several dilutions of wine with saliva were tested. The acquired
absorption spectra follow the typical specifications for wine; therefore, indentification can be
performed. The magnitudes of the absorption spectrum samples, however, change with wine
dilution, and, although the shape of the spectrum is preserved, assessment of wine must account for
this phenomenon.
Sensor selectivity was illustrated with a series of tests carried out with grape-based soft and fizzy
drinks. In each situation, the acquired absorption spectrum differs from that of wine. Discrimination
of wine from other drinks can thus be performed.
Our tests also illustrate the repeatability of the results. While alcohol clearly alters the parameters
of the POF in time, as it dissolves plastic, we were able to confirm that we received similar results for
five repetitions of the tests. From this point of view, the 10%–15% alcoholic content of wine won’t
limit the sensor lifetime as far as making it inapplicable for in-vivo monitoring.
Furthermore, the proposed sensor performs label-free intra-oral sensing of wine, replicating a
real-life sensing scenario. Accordingly, we target the employment of the proposed sensor for in-vivo
intra-oral monitoring. It should be noticed that the proposed optical sensor does not detect the alcohol
in the wine, but the distinction between the alcoholic and non-alcoholic wines resides in their health
effects. Even though the wine consumption could be associated with some health risks due to the
alcohol, the polyphenols present in both alcoholic and non-alcoholic wines exert multiple beneficial
effects. Moreover, taking into consideration that the alcohol intake is associated with the production
of oxidative stress and induces the indirect formation of AGEs, our further research will focus on the
inter-relation between alcoholic wine consumption and the salivary levels of AGEs, such as CML.
5. Conclusions
This paper presented an intra-oral optical sensor for the intra-oral detection and assessment of
wine. The proposed sensor was developed around an optical coupler topology, having an emitter
apply lateral illumination onto a D-shaped side-polished plastic optical fiber. Two types of emitters
have been employed: a white LED—thus implementing a point sensing, and a side-emitting fiber—
thus implementing extended area sensing.
The proposed intra-oral optical sensor resembles the topology of an optical coupler and is
characterized in the spectral domain by means of insertion loss, coupling ratio, and excess loss for
the point sensor, and wavelength selective coupling loss for the extended sensing area sensor,
respectively.
Spectral characterization results illustrate a rather flat variation of the spectral attenuation
measures vs. wavelength. Accordingly, the proposed intra-oral sensor is considered to be transparent
with respect to color, and is therefore proven to be applicable for spectroscopic sensing applications.
However, the proposed sensor illustrates a rather large attenuation on the output/input relationship,
and the explanation for this phenomenon is threefold. On one hand, lateral illumination is not
focused on the polished surface of the end-emitting optical fiber, thus only a small fraction of the LED
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emitted light is coupled into the fiber. In addition, having saliva as the optical coupler transmission
medium contributes some attenuation. On the other hand, the side-emitting optical fiber from the
extended sensing area sensor structure introduces an attenuation inherent to operation. To counter
the effect of the attenuation inherently introduced by the side-emitting fiber, the extended sensing
area sensor employs a high brightness LED as radiation source.
Based on the spectral characterization results, we have considered the proposed intra-oral
optical sensor suitable for the detection and assessment of beverages in the oral cavity, provided they
exhibit color. In this respect, we have exemplified the proposed sensor on wine samples, and have
tested the proposed sensor for the identification and assessment of wine. To replicate the intra-oral
sensing environment in a wine tasting scenario, we have applied wine samples onto the sensing area
previously moistened with a Ringer solution. Next, we have tested several dilutions of wine in saliva
to demonstrate the applicability of the sensor for intra-oral wine detection and assessment. Finally,
selectivity of the proposed sensor was illustrated with an experiment which tests several grape-based
drinks.
The proposed intra-oral sensor geometry exploits the advantages of fiber-optics sensing and
facilitates integration into a mouthguard. Based on the test results and discussions, the proposed
solution holds considerable potential for real-time biomedical applications regarding in-vivo
monitoring of food and beverage intake, aiming to forecast the formation of disease-signaling
salivary biomarkers. In the context of hybrid patient monitoring, the correlation and combination of
data collected by electrochemical sensors and the proposed optical sensor could provide more
reliable findings for biochemical and immunological profiling of saliva.
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