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Worldwide, populations of all ages suffer from oral diseases, disorders, pathological conditions
of the oral cavity, and their impact on the human body. New dental materials and biomaterials,
currently being introduced, under development, or envisioned, are expected to benefit the oral health
status. These materials will provide a wide range of diverse functions, from promoting osteogenesis to
bacterial biofilm formation inhibition.

Factually, dental biomaterials were intended to provide core functions, such as mechanical support
to masticatory loads (e.g., dental crowns) or optical properties to display a pleasant and natural
appearance (e.g., resin composites). This approach has led to the successful design of numerous
clinically used materials over the years, such as sealants, orthodontic adhesives, luting cement,
hybrids materials for computer-assisted design/computer-assisted manufacturing (CAD/CAM)-based
restorative dentistry.

However, despite the ongoing development, unmet dental needs remain. The mouth is a dynamic
environment, so dental materials regularly experience changes that alter performance, and this
highlights the profound need for methods to allow tracking of its performance in physiologically
complex especially simulating the intraoral environment. Both novel and cutting-edge preventive and
therapeutic strategies are still in a claim.

In the special issue “Dental Materials and Biomaterials 2018”, encouraging findings on progressing
treatment of the most prevalent oral conditions were described, covering different aspects of technological
development to treatment options, considering insights derived from a plethora of in vitro/ in situ models
and clinical trials.

In efforts toward caries prevention, Ibrahim et al. [1], Zhou et al. [2], and Hao et al. [3] explored
the application of dimethylaminohexadecyl methacrylate (DMAHDM) as an antibacterial strategy
for resin-based materials. Barszczewska-Rybarek et al [4] also have explored the silver ions releasing
approach intended for dental materials. Bioactive dimethacrylate composites filled with silver
nanoparticles (AgNP) might be used in medical applications, such as dental restorations and bone
types of cement. DMAHDM, an antibacterial monomer, acts primarily through direct contact killing.
It has been previously hypothesized that a positively charged DMAHDM structure may interact with
negatively charged bacteria to lead to cell membrane leakiness and rupture [1]. Various innovative
methods have been applied to develop dental adhesives with particular functions to tackle these
problems, such as incorporating matrix metalloproteinase inhibitors, antibacterial or remineralizing
agents [3] into bonding systems, as well as improving the mechanical/chemical properties of adhesives,
even combining these methods.

The targeted cariogenic biofilm is a densely packed community of oral microbial cells with
predominantly acid-tolerant, acid-producing bacteria surrounded by an exopolysaccharide (EPS)-rich

Int. J. Mol. Sci. 2020, 21, 9154; doi:10.3390/ijms21239154 www.mdpi.com/journal/ijms1
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matrix. Within cariogenic dental plaque, Streptococcus mutans (S. mutans) has been strongly linked to
cariogenic biofilm formation and carious lesion progression.

Delgado-Ruiz and Romanos [5] reviewed the current knowledge on titanium particles and ions
released from metallic instruments used for implant bed preparation, from the implant surfaces during
insertion implant-abutment interface during insertion and functional loading. Besides, the implant
surfaces and restorations are exposed to the environment, saliva, bacteria, and chemicals that can
potentially dissolve the titanium oxide layer. If these agents attack continuously, the implant surface
can permanently lose its titanium oxide layer.

The formation of soluble compounds on the titanium surface will alter the implant surface
chemistry and facilitate the dissolution and degradation of exposed bulk titanium, resulting in
corrosion cycles. Implant maintenance procedures can potentially alter implant surfaces and produce
titanium debris released into the peri-implant tissues. While this treatment is one of the most popular,
side effects constrain its use.

Xie et al [6] have shown that graphene promotes osteogenesis via the activation of the mechanosensitive
integrin/FAK axis future therapy to overcome this problem. Another possibility of improved osseointegration
is discussed and reviewed by Marco Lupi et al. [7]. Biochemical modification of titanium surfaces
(BMTiS) entails the immobilization of biomolecules to implant surfaces to induce specific host responses.
This crossover randomized clinical trial assesses the clinical success and marginal bone resorption of
dental implants bearing a surface molecular layer of covalently linked hyaluronan compared to control
implants up to 36 months after loading.

In this special issue, insightful progress for dental material and biomaterials were described,
and new avenues for application and translation were discussed. Particular emphasis was placed on
dental materials—structure-property correlations in the context of both the clinical and non-clinical
aspects. These papers provide readers with the necessary tools and principles of Dental Materials and
biomaterials currently used in Clinical Dentistry and cover the underlying principles of bioactivity
and biocompatibility.

Furthermore, Karakida et al. [8] studied drug repositioning is the process of discovering, validating,
and marketing previously approved drugs for new indications. Due to the promise of reduced costs
and expedited approval schedules, the research field of drug repositioning has been attracting attention.
A standard database consisting of both approved and failed drugs has been developed as a web
application to find candidates for drug repositioning. Without using the database, the present study
demonstrated that MDZ enhances the differentiation of PPU-7 cells to odontoblast and promotes
dentin-like hydroxyapatite formation. Further studies are required to elucidate the pharmacokinetics
and pharmacological efficacy of MDZ in animal experiments. In the dental field, these findings support
the repositioning of MDZ to promote dentin regeneration for endodontic treatments, such as pulp
capping. Moreover, these findings support advancing research from pig to human experimental
models using human DPSCs to discover MDZ’s potential, not only for future dental treatments,
but also for regenerative organ medicine. This special issue offers an exciting background of MS
pathophysiology and disease development and prediction from animal models and clinical studies
and suggests strategies for developing MS therapies.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Cariogenic oral biofilms are strongly linked to dental caries around dental sealants.
Quaternary ammonium monomers copolymerized with dental resin systems have been increasingly
explored for modulation of biofilm growth. Here, we investigated the effect of dimethylaminohexadecyl
methacrylate (DMAHDM) on the cariogenic pathogenicity of Streptococcus mutans (S. mutans)
biofilms. DMAHDM at 5 mass% was incorporated into a parental formulation containing 20 mass%
nanoparticles of amorphous calcium phosphate (NACP). S. mutans biofilms were grown on the
formulations, and biofilm inhibition and virulence properties were assessed. The tolerances to acid
stress and hydrogen peroxide stress were also evaluated. Our findings suggest that incorporating 5%
DMAHDM into 20% NACP-containing sealants (1) imparts a detrimental biological effect on S. mutans
by reducing colony-forming unit counts, metabolic activity and exopolysaccharide synthesis; and (2)
reduces overall acid production and tolerance to oxygen stress, two major virulence factors of this
microorganism. These results provide a perspective on the value of integrating bioactive restorative
materials with traditional caries management approaches in clinical practice. Contact-killing strategies
via dental materials aiming to prevent or at least reduce high numbers of cariogenic bacteria may be a
promising approach to decrease caries in patients at high risk.

Keywords: antibacterial agents; biofilm; dental caries; sealant; quaternary ammonium compounds;
Streptococcus mutans
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1. Introduction

Dental caries is a biofilm-triggered oral disease with an international pandemic distribution,
primarily affecting school-age children [1]. The World Health Organization reports that dental caries is
the most common oral condition included in the Global Burden of Disease Study [2]. Carious lesions of
permanent teeth (2.3 billion people) ranks as the most prevalent oral condition, while carious lesions on
deciduous teeth (560 million children) ranks 12th [2]. The pits and fissures on children’s teeth present
a topography with deep and narrow features, making the mechanical removal of plaque bacteria by
brushing very challenging [3].

In efforts toward pediatric caries prevention, dental sealants were introduced for application on
the occlusal surface. The sealants act as a physical barrier for microorganisms at the pits and fissures of
the teeth. Evidence-based clinical recommendations, stated by the American Dental Association and
the American Academy of Pediatric Dentistry, support sealants as a practical approach in preventing
and arresting pit-and-fissure occlusal caries lesions [4]. Although sealants are a widely used preventive
approach against occlusal carious lesions, the failure rate is high. Longitudinal data [5,6] show
reasons for failure related to bacterial colonization underneath the sealed fissures with the progressive
demineralization and development of cavitation.

Exploring the potential opportunities for new biotechnologies and biomaterials to improve dental
outcomes requires an enhanced understanding of caries etiology and bacteria-material interactions.
A material that can detrimentally affect the oral bacteria on or near its surface is a promising area of dental
material development. For instance, bioactive or bioinductive materials can help reduce cariogenic biofilm
formation at the sealant-tooth interface [7]. Likewise, contact-active dental materials that inhibit the growth
of acid-producing bacteria can potentially disturb and even correct the localized dysbiosis (imbalance)
of the oral microflora that may lead to caries around dental sealants [8,9]. Quaternary ammonium
compounds are highly antimicrobial when applied in solution and also demonstrate antimicrobial activity
when immobilized on a surface [10]. In the last decade, quaternary ammonium-based methacrylate
monomers have been investigated to impart antibacterial surfaces to dental materials.

Recent works have demonstrated the application of dimethylaminohexadecyl methacrylate
(DMAHDM) and amorphous calcium phosphate (NACP) as an antibacterial strategy for resin-based
materials [8,11,12]. DMAHDM, an antibacterial monomer, acts primarily through direct contact
killing [13]. It has been previously hypothesized that a positively charged DMAHDM structure may
interact with negatively charged bacteria to lead to cell membrane leakiness and rupture [14,15].
Our previous report [16] has tuned sealant formulations to reach acceptable values for physical and
mechanical properties using DMAHDM at 5 mass% and NACP at 20 mass%, respectively. However,
the antibacterial performance of these formulations was not investigated.

The targeted cariogenic biofilm is a densely packed community of oral microbial cells with
predominantly acid-tolerant, acid-producing bacteria surrounded by an exopolysaccharide (EPS)-rich
matrix [13,17,18]. Within cariogenic dental plaque, Streptococcus mutans (S. mutans) has been strongly
linked to cariogenic biofilm formation and carious lesion progression [19]. The main observable
characteristics associated with S. mutans cariogenic pathogenicity include adhesion to tooth surfaces,
synthesis of EPS via glucosyltransferases, biofilm formation, efficient use of sucrose to create an
acidic environment, and aciduricity via acid tolerance response [13,20]. These virulence factors under
a sucrose-rich environment contribute to the structural integrity and pathogenicity of the biofilm
produced by S. mutans [17,18]. The remarkable ability of S. mutans to cope with significant and constant
environmental variations, including changes in pH and oxygen tension, further leads it to be one of
the primary cariogenic pathogens in this context [20].

The ability to reduce or modulate the virulence and viability of S. mutans biofilms using bioactive
dental sealants could reduce caries associated with sealants. In the present study, we hypothesized that

6



Int. J. Mol. Sci. 2019, 20, 3491

the formation and cariogenicity of S. mutans biofilms (acidogenicity, EPS production, aciduricity and
tolerance to oxygen stress) would be reduced when the biofilms are in contact with sealant
formulations containing 5% DMAHDM. Accordingly, this study aimed to investigate the effect of
sealant formulations with 5% DMAHDM and 20% NACP on the virulence properties and viability of
S. mutans biofilms.

2. Results

2.1. DMAHDM Reduced Biofilm Formation

Multiple properties of S. mutans were strongly reduced when the biofilms were cultured on the
surfaces of sealants containing DMAHDM, relative to sealants without DMAHDM. Figure 1 shows
the CFU counts for the 48 h S. mutans biofilms formed on the various sealants. The CFU values for
groups containing 5% DMAHDM were significantly lower than those for control groups (commercial
and experimental) and for groups containing 20% NACP (p < 0.05). A two-way ANOVA found a
significant effect for 5% DMAHDM (F (1,58) = 5.453; p = 0.23) but no significant effect for 20% NACP
(F (1,58) = 0.884; p = 0.351) or for the interaction between these factors (p = 0.88) on CFU counts.

Figure 1. Colony-forming units per sealant specimen for S. mutans biofilms (mean ± SD of three
independent experiments; n = 6 per group/experiment). Different lowercase letters denote a significant
difference at a level of ∝ = 0.05 among groups.

Figure 2 shows the results from the MTT assay reflecting active metabolizing (respiring) S. mutans cells
in the biofilms adherent to the sealant specimens. For the two formulations containing 5% DMAHDM,
the MTT values were lower in comparison to the control (p < 0.05), representing approximately 82%
and 87% reduction in biofilm metabolic activity for 5% DMAHDM + 0% NACP and 5% DMAHDM
+ 20% NACP, respectively. There is no main effect for the presence of 20% NACP (F (1,64) = 0.784;
p = 0.467).

7



Int. J. Mol. Sci. 2019, 20, 3491

Figure 2. The metabolic activity of the 48 h S. mutans biofilms measured by MTT assay (mean ± SD of
three independent experiments; n= 6 per group/experiment; non-normalized values). Different lowercase
letters denote a significant difference at a level of ∝ = 0.05 among groups.

2.2. DMAHDM Alone and in Combination with NACP Alters Acid and Oxygen Tolerance of S. mutans

Figure 3A uses the change in CFU (normalized to time zero) to represent the S. mutans biofilm
survival rate after exposure to pH 2.8 for up to 45 min. S. mutans biofilms grown on sealant specimens
containing 5% DMAHDM displayed lower survival at 10 min (38% and 44%, respectively) compared
with the control and NACP only groups (60% and 65%, respectively). This difference was not as
pronounced at later time points.

Figure 3. Cont.
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Figure 3. S. mutans biofilm survival expressed as the percent change in CFUs after exposure to (A) acid
(pH 2.8) and (B) 0.2% H2O2 for up to 45 min (Mean ± SD of three independent experiments; n = 8 per
group/experiment). Lines were drawn to improve readability.

For the hydrogen peroxide killing assay, Figure 3B depicts the survival rate of S. mutans biofilms
exposed to an H2O2 concentration of 0.2% for 45 min. S. mutans biofilms formed on sealant specimens
containing 5% DMAHDM exhibited lower survival than the control sealant specimens at all timepoints
except at 30 min and 45 min.

2.3. Attenuation of Exopolysaccharide Produced by S. mutans

Measurements of EPS levels in the biofilms are plotted in Figure 4. Biofilms on the control sealant
specimens had high exopolysaccharide production. Adding only 20% NACP to the formulation did not
change the production of the polysaccharide (F1,23 = 0.626, P = 0.436) substantially from the controls.
Incorporation of DMAHDM significantly decreased the water-insoluble polysaccharide synthesis from
S. mutans (p < 0.05). There was no significant interaction between DMAHDM and NACP content for
polysaccharide production.

Figure 4. The polysaccharide production of 48 h S. mutans biofilms expressed as μg/mL (mean ± SD of
three independent experiments; n = 6 per group/experimental). Different lowercase letters denote a
significant difference at a level of ∝ = 0.05 among groups.
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Figure 5 plots the pH of the culture medium during biofilm formation. Biofilms in commercial and
experimental control groups had the highest acid production, leading to a drop in pH sustained over
48 h. The addition of 20% NACP supported a near neutral pH over the 48-hour time course (p < 0.05).
The addition of 5% DMAHDM had a minimal effect when NACP was present, but without NACP the
initial pH drop within the first 8 h matched that of the controls. At 24 h and 48 h, however, the pH in
the 5% DMAHDM only-sealant specimens increased relative to the controls, with pH values above 5.5.

The lactic acid production of biofilms on the sealants is presented in Figure 6. Biofilms on the
control groups and the group containing 20% NACP only produced the most acid (p < 0.05), and 20%
NACP had no significant effect on lactic acid production. Analysis of the lactic acid concentration
indicates a significant effect of DMAHDM incorporation (F1,40 = 4.611, P = 0.027) on the biofilm lactic
acid production. Low lactic acid concentrations at levels approximately 10% of those on the control
groups were observed. There was no interaction for lactic acid production between DMAHDM content
and NACP content.

Figure 5. pH measurements (mean ± SD; n = 3) of growth medium from S. mutans biofilms grown
on the various sealant specimens for 0 h, 8 h, 24 h, and 48 h. The blank represents growth medium
incubated alongside tested groups. The asterisk represents a significant difference at a level of ∝ = 0.05
for 0% DMAHDM + 20% NACP and 5% DMAHDM + 20% NACP.

Imaging of green fluorescent protein (GFP)-expressing S. mutans was used to visualize the biofilm
structures. The 48 h S. mutans biofilms formed on the 5% DMAHDM + 20% NACP sealant specimens
(Figure 7A) were qualitatively reduced in visible biomass as compared to biofilms that grew on the
control sealant specimens (Figure 7B). The biofilms on the control sealants (Figure 7C) appeared denser
and thicker in comparison to biofilms on the DMAHDM + NACP sealant (Figure 7D).
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Figure 6. Lactic acid production of the 48 h S. mutans biofilms expressed as mmol/L (mean ± SD of
three independent experiments; n = 6 per group/experimental). Different lowercase letters denote a
significant difference at a level of ∝ = 0.05 among groups.

Figure 7. Scanning confocal laser microscope images of S. mutans biofilms formed on 0% DMAHDM +
0% NACP (control) and 5% DMAHDM + 20% NACP. (A,B) Random, representative images in the x-y
plane (top view); (C,D) random, representative images in the x-z plane (side view).

3. Discussion

In this study, we explored the influence of an antibacterial contact killing approach for sealant
formulations on virulence factors of S. mutans. The antibacterial strategy of incorporating 5% DMAHDM
into a parental formulation containing 20% NACP resulted in an overall significant reduction of
acid-producing biofilms. The data obtained from the CFU (Figure 1) and metabolic activity (Figure 2)
assays showed that 5% DMAHDM, alone or combined with 20% NACP, can remarkably inhibit the
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activity of S. mutans biofilms, surpassing the clinically relevant greater-than-3-log (99.9%) reduction [21].
These results are consistent with previous reports for oral biofilms exposed to dental bonding formulations
containing DMAHDM [22,23].

Subsequently, we examined whether the in vitro antibiofilm activity of DMAHDM would translate
into changes in the ability of S. mutans to survive and resist high acid and oxygen stresses. S. mutans
needs to present aciduricity to avoid falling victim to its own acidogenic metabolism. However,
biofilms grown on DMAHDM-containing sealants were generally less tolerant of acidic and oxidative
stresses (Figure 4). Upon exposure to acid, S. mutans promotes many changes at the transcriptional
and physiological levels to respond to the threat of acid damage to sensitive and critical cytoplasmic
molecules, such as metabolic organelles and DNA [24,25]. S. mutans protects itself from the damaging
effects of acids through the maintenance of a cytoplasm that is more alkaline relative to the extracellular
space [26]. This alkaline environment is mainly reached via plasma membrane mechanisms such as
F1F0 ATPase for proton extrusion and changes in unsaturated fatty acid percentage [24]. The harmful
interactions between DMAHDM and the S. mutans membrane can hypothetically damage a cell’s ability
to maintain the intracellular alkaline environment. Similarly, S. mutans makes changes to its membrane
composition to limit the formation of hydrogen peroxide, promote its safe elimination, and repair
damage [27]. If the membrane is dysfunctional, such as via perturbation by quaternary ammonium
compounds like DMAHDM, the cell may have a reduced ability to survive in H2O2 environments,
as seen here.

S. mutans relies on exopolysaccharide matrix synthesis to help it attach firmly to tooth surfaces.
S. mutans’ ability to synthesize exopolysaccharide is essential for a biofilm’s structural stability and may
limit antibacterial strategies [28]. According to the results of the EPS assay (Figure 5), the DMAHDM
monomer lowers the level of extracellular polysaccharide production, which may make these biofilms less
stable and may potentially be beneficial for the non-cariogenic microbial community. The representative
confocal microscopy images (Figure 7) qualitatively support the results from the bioassays by showing
reduced biofilm growth on the DMAHDM materials. The images suggest a reduced ability of S. mutans
to form a dense biofilm architecture.

The presence of NACP alone (without DMAHDM) did not affect biofilm parameters including
CFUs, metabolic activity, or polysaccharide production; however, an effect of NACP was observed on
the pH values for the 48 h biofilm model where the pH stayed neutral for all time points tested when
NACP was included in the formulation. NACP can affect pH through the release of supersaturating
levels of calcium and phosphate ions. NACP is expected to enhance the remineralizing capacity relative
to larger amorphous calcium phosphate particles due to the higher surface area-to-volume ratio of
NACP. For instance, NACP has a relatively high specific surface area of 17.76 m2/g, compared to about
0.5 m2/g of traditional CaP particles [29]. The higher proportion of exposed surface area for NACP
requires lower filler levels (by mass) to reach the same surface area and therefore expected outcome
as compared to amorphous calcium phosphate on the micro scale. Previous studies showed that
nanocomposites with NACP filler fraction of 20 mass% were able to reduce demineralization [30,31].
The importance of the calcium reservoir relies on the fact that Ca2+, being one of the ions of
hydroxyapatite, may reduce the driving force for tooth demineralization that occurs during a pH
drop in dental biofilm. During demineralization, calcium release precedes phosphate release from
enamel, dentin, and cementum, and calcium-deficient carbonated hydroxyapatite comprises the major
substitution activity that takes place [32]. The presence of carbonates and other ionic substitutions
significantly disrupts the crystal lattice in hydroxyapatite, weakening the hydroxyapatite and increasing
its susceptibility to acid attack and solubility. Therefore, using high-calcium release materials to
suppress the demineralization process could be beneficial.

Collectively, our data support the hypothesis that sealants with DMAHDM are able to disrupt
S. mutans biofilm formation, thereby reducing their virulence potential. This outcome helps open the
door for an important pathway to suppress dental caries via biofilm modulation and not only total
biofilm eradication. A previous study conducted to investigate the antibacterial effect of DMAHDM on
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multispecies biofilms revealed that biofilms had a reduced relative amount of S. mutans when grown in
contact with 3% DMAHDM as compared to the control, suggesting that DMAHDM may also be able to
modulate the biofilm species composition toward a non-cariogenic tendency [33]. Shifting the biofilm
composition from a cariogenic/acidogenic phenotype to a less virulent or even non-cariogenic biofilm
is essential. However, the S. mutans/quaternary ammonium interactions involve various complex
mechanisms where specific mechanisms and pathways are not clear and are still under debate [10,34].
While this study focused on the ability of sealant formulations with 5% DMAHDM and 20% NACP
to alter the virulence-related traits of S. mutans, further research on the underlying mechanisms of
bacterial/quaternary ammonium interactions is needed to optimize materials and achieve desired
outcomes of improved oral health.

4. Materials and Methods

4.1. Development of Dental Resin Sealant Formulations

The parental resin matrix [16] consisted of (% by mass): 44.5% of pyromellitic glycerol dimethacrylate
(PMGDM) (Hampford, Stratford, CT, USA); 39.5% of ethoxylated bisphenol a dimethacrylate (EBPADMA)
(Sigma-Aldrich, St. Louis, MO, USA); 10% of 2-hydroxyethyl methacrylate (HEMA) (Esstech, Essington,
PA, USA); 5% of bisphenol a glycidyl dimethacrylate (Esstech), and 1% of phenyl bis (2,4,6-trimethyl
benzoyl)-phosphine oxide (BAPO) (Sigma-Aldrich) as a photo-initiator. For some formulations,
DMAHDM at 5 mass% was added. The mass ratio of resin to filler was 1:1, where the filler fraction
consisted of silanized barium boroaluminosilicate glass particles (average size of 1.4 μm (Caulk/Dentsply,
Milford, DE, USA)) with or without the addition of NACP. DMAHDM and NACP were synthesized
according to previous studies [16,22].

The tested dental sealant formulations were prepared as follows (% by mass):

1. Commercial High-viscosity Sealant/Flowable Composite control termed “Commercial Control”
(Virtuoso, DenMat, Lompoc, CA, USA).

2. Experimental Control Sealant termed “0% DMAHDM + 0% NACP; Experimental Control”
(50% PEHB + 0% DMAHDM + 50% Glass + 0% NACP).

3. Experimental Sealant termed “5% DMAHDM + 0% NACP” (45% PEHB + 5% DMAHDM +
50% Glass + 0% NACP).

4. Experimental Sealant termed “0% DMAHDM + 20% NACP” (50% PEHB + 0% DMAHDM +
30% Glass + 20% NACP).

5. Experimental Sealant termed “5% DMAHDM + 20% NACP” (45% PEHB + 5% DMAHDM +
30% Glass + 20% NACP).

4.2. Sample Preparation

Sealant specimens (diameter = 9 mm; thickness = 2 mm) were prepared using polytetrafluoroethylene
molds covered with Mylar strips and glass slides [35]. Each sealant specimen was light-cured
(1200 mW/cm2; 60 s; Labolight DUO, GC America, Alsip, IL, USA) on each side. Specimens were
sterilized using ethylene oxide (24-h cycle; Andersen Sterilizers, Inc., Haw River, NC, USA) and
allowed to de-gas for at least seven days after sterilization.

4.3. S. mutans Biofilm Formation

An S. mutans biofilm model was used [36] with modifications. S. mutans UA159 from the American
Type Culture Collection (ATCC, Manassas, VA, USA) was cultured overnight (≈18 h) in brain heart
infusion (BHI) broth (Sigma-Aldrich) at 37 ◦C and 5% CO2 (by volume). This S. mutans culture was
adjusted to an optical density at 600 nm (OD600) of 0.9 (≈1 × 108 CFU/mL according to growth curves
monitored by spectrophotometry) and diluted in biofilm medium containing BHI broth supplemented
with 2% (by mass) sucrose to prepare the inoculum.
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The inoculum (1.5 mL) was added to wells of a 24-well culture plate containing the sterilized
sealant specimens, and the well plates were incubated in an anaerobic chamber (37 ◦C; gas composition
by volume: 10% H2, 5% CO2, 85% N2; Whitley Workstation DG250; Microbiology International,
Frederick, MD, USA) for 48 h without agitation to form a more established biofilm. The growth
medium was changed at 8 h and 24 h. Control groups included wells with 1.5 mL of inoculum without
sealants (Control inoculum) and wells with 1.5 mL of BHI + 2% sucrose without bacteria (Control BHI).
Sealant specimens with the 48-hour biofilms were characterized as described in Sections 4.4–4.10.

4.4. Colony-Forming Unit Counts

After the sealant specimens (n = 6) had been incubated for 48 h, each sealant specimen with
the attached biofilm was washed in 1 mL of phosphate-buffered saline (PBS), transported to a vial
containing 2 mL of PBS, sonicated for 5 min (Branson 3510-DTH Ultrasonic Cleaner), and vortexed (5 s;
maximum speed) to harvest the biofilm [37]. The resultant bacterial suspensions were serially diluted
101- through 106-fold, drop-plated onto BHI agar plates, and anaerobically incubated at 37 ◦C. After 48 h,
the number of colony-forming units (CFU) was determined [37]. The results were calculated based on
the number of CFU and the dilution factor; log10 transformed data are expressed as CFU/specimen.

4.5. Metabolic Activity

Metabolic activity was assessed via MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide) assay [37]. Briefly, each sealant specimen (n = 6) was washed in 1 mL of PBS and transported
to a new 24-well plate containing 1 mL of tetrazolium dye (0.5 mg/mL) in PBS. Then, sealant specimens
were incubated anaerobically for 1 h and transferred to a new 24-well plate. To solubilize the formazan
crystals, 1 mL of dimethyl sulfoxide (DMSO) was added to each well, and the plate was incubated for
20 min at 37 ◦C. After that, 200 μL of the DMSO solution was collected from each specimen to measure
the absorbance at 540 nm [37] (SpectraMax, Molecular Devices LLC, San Jose, CA, USA). The OD540

of DMSO defines the blanks for the spectrophotometric method. Values were not normalized prior
to analysis.

4.6. Acid Stress and Oxygen Stress Tolerance

The differences in acid tolerance of S. mutans UA159 biofilms on the various formulations were
evaluated using the method described by Kim et al. [38]. After 48 h of incubation, sealant specimens
(n = 8) were washed once with 0.1 mol/L glycine (pH 7.0) and switched to 0.1 mol/L glycine at pH 2.8.
Wells with biofilms but not treated with glycine served as controls. Specimens were incubated at room
temperature, and 100 μL aliquots were collected at 0 min, 10 min, 20 min, 30 min, and 45 min. CFU was
determined per Section 4.4.

The differences in oxidative stress tolerance of S. mutans UA159 biofilms were evaluated via
hydrogen peroxide killing assay (n = 8) [38]. Sealant specimens were washed once with 0.1 mol/L
glycine (pH 7.0) and placed in 5 mL of the same buffer. After that, hydrogen peroxide was added for
a final concentration of 0.2%, and 100-μL aliquots were collected at 0 min, 10 min, 20 min, 30 min,
and 45 min after the addition of hydrogen peroxide. Ten microliters of catalase (5 mg/mL) were added
to each aliquot to inactivate the hydrogen peroxide immediately after aliquot collection. CFU was
determined per Section 4.4.

4.7. Polysaccharide Production

The water-insoluble polysaccharide production in the 48 h S. mutans biofilms was measured using
a phenol-sulfuric acid method [9] with modifications. Each sealant specimen (n = 6) was rinsed with
2 mL of PBS, transferred to a vial containing 1 mL of PBS, sonicated (Branson 3510-DTH Ultrasonic
Cleaner) for 5 min, and vortexed (5 s; maximum speed) to harvest the biofilm. Centrifugation (10,000× g
(~10,000 r.c.f.) at 4 ◦C for 5 min) yielded a precipitate that was rinsed with PBS and resuspended
in 1 mL of de-ionized water. Then, 1 mL of 6% (by volume) phenol solution was added to the vial,
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followed by 5 mL of 95–97% (by volume) sulfuric acid. After 30 min of incubation at 23 ◦C, 100 μL
were transferred to a 96-well plate, and absorbance was measured at OD490 using a spectrophotometer.
Standard glucose concentrations were used to convert OD readings to polysaccharide concentrations.

4.8. Acid-Neutralizing Activity

The pH of the biofilm growth medium (n = 3) was measured at 0 h, 8 h, 24 h, and 48 h using
a digital pH meter (accuracy ± 5%; Accumet XL25, Thermo Fisher Scientific, Waltham, MA, USA).
During the experiments, the pH meter was calibrated at regular intervals using commercial standard
buffer solutions of pH 4, pH 7, and pH 10 at room temperature.

4.9. Lactic Acid Production

Lactate concentrations were determined using an enzymatic (lactate dehydrogenase) method [33].
After the sealant specimens had incubated for 48 h, each specimen (n = 6) with the attached biofilm was
washed in 1.5 mL of cysteine peptone water (by mass: yeast extract 0.5%, peptone 0.1%, sodium chloride
0.85%, cysteine 0.005%), transferred to a new plate containing 1.5 mL of buffered peptone water (BPW)
with 0.2% (by mass) sucrose, and incubated for 3 h at 37 ◦C in 5% CO2 [37]. The lactic acid concentrations
in the BPW solution were then measured based on the absorbance at 340 nm using a spectrophotometer.
A standard curve was prepared using lactic acid standard solution (46937; Sigma) [39].

4.10. Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy (CLSM) was performed for qualitative visualization of
fully-hydrated, living cultures for two groups of sealants: the experimental control and 5% DMAHDM
+ 20% NACP. The qualitative approach was chosen to support the microbiological assay results.
Biofilms were grown as described apart from the bacterial strain. For imaging, a green fluorescent
protein (gfp)-expressing strain of S. mutans UA159 (gfp-UA159) was used in the biofilm model.
Gfp-UA159 cells continually exhibit green fluorescence throughout growth.

The fluorescence of gfp-UA159 48 h biofilms was captured with a Yokogawa Spinning Disk Field
Scanning Confocal System (CSU-W1) (Nikon Instruments Inc. Melville, NY, USA) on a Nikon Ti2
inverted microscope (Nikon Instruments Inc. Melville, NY, USA) using a 20× (numerical aperture, 1.00)
water immersion objective. Biofilms were imaged four times on two sealant specimens. Biofilm slices
in the x-y and x-z planes were collected at random locations on the biofilms.

4.11. Statistical Analysis

All experiments were performed with six to eight repetitions (sealant specimens) in each of three
independent experiments. The average of the three experiments per specimen was considered as a
statistical unit. The data satisfied the assumption of the equality of variances and normal distribution of
errors. Factors included DMAHDM incorporation at two levels (0% and 5%) and NACP incorporation
at two levels (0% and 20% NACP). Interactions between these two factors were also considered.
To assess the S. mutans biofilm biological response, the following dependent variables were analyzed:
Log CFU/specimen, metabolic activity, lactic acid production, and exopolysaccharide synthesis.
The means and standard deviations (which serve as an estimate of the measurement uncertainty)
for the dependable variables were analyzed by two-way ANOVA. Statistical significance was pre-set
at α = 5%. All the statistical analyses were performed by SPSS statistics software (IBM version 26,
Armonk, NY, USA).

4.12. Disclaimer

Certain commercial equipment, instruments, and materials are identified in this paper in order
to specify the experimental procedure. Such identification does not imply recommendation or
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endorsement by the National Institute of Standards and Technology (NIST), nor does it imply that the
material or equipment identified is necessarily the best available for the purpose.

5. Conclusions

S. mutans relies on its virulence-related traits to change oral plaque biofilms and promote the
development and increase the severity of carious lesions in children. This study investigated the
antibacterial strategy of incorporating 5% DMAHDM into dental sealants containing 20% NACP
to reduce virulence and viability of S. mutans biofilms. Our findings suggest that sealants with 5%
DMAHDM were able to impart a detrimental biological effect on S. mutans biofilms by significantly
reducing the biofilm formation, metabolic activity, and EPS production. The antibacterial sealants were
also able to reduce the aciduricity and the tolerance to oxygen stress. This less virulent phenotype is
expected to reflect on the clinical pathogenicity of S. mutans and to play a key role in improving the
longevity and integrity of dental sealants. Contact-killing strategies via dental materials aiming to
prevent or modulate pathogenic biofilms are a promising approach in patients at high risk of caries.
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Abstract: Peri-implantitis—an infection caused by bacterial deposition of biofilm—is a common
complication in dentistry which may lead to implant loss. Several decontamination procedures have
been investigated to identify the optimal approach being capable to remove the bacterial biofilm
without modifying the implant surface properties. Our study evaluated whether two different
systems—Ni-Ti Brushes (Brush) and Air-Polishing with 40 μm bicarbonate powder (Bic40)—might
alter the physical/chemical features of two different titanium surfaces—machined (MCH) and Ca++

nanostructured (NCA)—and whether these decontamination systems may affect the biological
properties of human STRO-1+/c-Kit+ dental pulp stem cells (hDPSCs) as well as the bacterial ability
to produce biofilm. Cell morphology, proliferation and stemness markers were analysed in hDPSCs
grown on both surfaces, before and after the decontamination treatments. Our findings highlighted
that Bic40 treatment either maintained the surface characteristics of both implants and allowed
hDPSCs to proliferate and preserve their stemness properties. Moreover, Bic40 treatment proved
effective in removing bacterial biofilm from both titanium surfaces and consistently limited the biofilm
re-growth. In conclusion, our data suggest that Bic40 treatment may operatively clean smooth and
rough surfaces without altering their properties and, consequently, offer favourable conditions for
reparative cells to hold their biological properties.

Keywords: human dental pulp stem cells; stemness properties; titanium surface properties

1. Introduction

The use of dental implants in daily clinical practice is currently widespread and in huge growth: the
modern implant therapy allows in fact not only to offer a biological and functional advantage for many
patients, compared with fixed or removable prosthetic solutions but also to obtain excellent long term
results, as confirmed by previous studies reporting survival rates of 95.7% and 92.8% after 5 and 10 years,
respectively [1]. However, despite these high survival rates, implant rehabilitation can fail. The most
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relevant troubles concerning osseointegrated implants are the peri-implant diseases, such as mucositis
(reversible) and peri-implantitis (not reversible). Peri-implantitis has been defined as a disease with
infectious pathogenesis characterized by a mucosal lesion often associated with bleeding, suppuration,
increased probing depth always accompanied by marginal bone loss [2]. In this context, several factors
affecting the systemic health status of the patients, that is, chronic diseases, autoimmune/inflammatory
diseases, in combination with poor oral hygiene and smoking might influence the host-microbial interface
very early in the healing phase following dental implant thus increasing the risk of peri-implant diseases [3].

The formation and organization of a bacterial biofilm on the implant portions exposed to the oral
cavity is the initial cause of the peri-implant diseases and its removal is the goal to prevent or treat
these diseases. Microbial biofilm commonly occurs in the oral cavity; it consists of a multispecies
community, including Gram+ and Gram− bacteria as well as fungal cells, organized as sessile cells,
tightly embedded in a matrix of polysaccharide origin. Biofilm formation and development is a process
that begins with adhesion of initially planktonic microorganisms, followed by growth, extracellular
polymeric matrix production, detachment and delocalization. Microbial biofilm occurs both in
biotic and abiotic surfaces; once structured, biofilm-associated cells acquire enhanced resistance to
cleaning treatment, antimicrobial drugs and host immune defences with respect to their planktonic
counterparts [4]. To date, several methods have been developed with the aim of decontaminating
implants: mechanical systems (Titanium brushes, Air-polishing systems, Ultra-Subsonic systems,
Laser, Curettes) and chemical systems or antimicrobial solutions (Chlorhexidine in solution or in gel,
Stannous fluoride, Tetracycline, Minocycline, Citric acid, Hydrogen peroxide and Gel etching with 35%
phosphoric acid) [5–7]. Most of these decontaminating treatments might alter the chemical-physical
properties of the implant surface [8–11]. Therefore, the ideal decontamination system is expected to be
capable of breaking and removing the bacterial biofilm, without modifying the surface properties and
thus maintaining the implant surface biologically favourable to adhesion and differentiation of the
reparative cells grown onto the implant. It is well known indeed that the micro/nanotopography and
the chemical composition of implant surfaces might influence the osseointegration process, by affecting
and modifying the biological properties of the cells that interact with the surface [12–15]. Based on
these considerations, among several decontamination techniques investigated, Nickel Titanium (Ni-Ti)
brushes and Air Polishing systems have aroused interest. Ni-Ti is a resistant material with high
flexibility when subjected to heating/cooling alternations. Moreover, the centrifugal force of the motor
movement, the pressure exerted by the operator’s hand and the heating/cooling alternations allow the
brush to effectively reach even the most difficult spaces to clean. As a matter of fact, Ni-Ti brushes
proved more effective in removing plaque than steel or plastic curettes, being, at the same time,
less aggressive towards the implant surfaces [16–19]. Likewise, air-polishing devices based on the use
of bicarbonate powder, which historically represents the first type of substance used in this approach,
were shown to be highly effective in the mechanical removal of biofilm from different surface types,
such as machined, SLA, sandblasted and TPS, with previous data showing that this approach provided
better outcomes when compared to other instruments, such as plastic inserts of sonic devices [9,20,21].

Human DPSCs can be easily obtained from routine tooth extraction procedures and own
self-renewal properties and a high regenerative potential [22]. Although dental pulp stem cells
are a heterogeneous cell population, the immune selection against the stemness markers c-Kit and
STRO-1 allows to isolate an adequate source of pre-osteoblast/odontoblast cells [23,24] which represent
the ideal cell candidate in order to mimic in vitro the physiological processes of osseointegration and
to investigate how different cleansing approaches might modify the cells-implants interactions.

The aim of this study was to investigate whether the use of two different mechanical decontamination
systems, namely Ni-Ti Brushes and Air-Polishing System with 40 μm bicarbonate powder, might
alter the roughness and chemical composition of two different implant surfaces (Machined and Ca++

Nano-incorporated) and whether the two decontamination systems may impact the biological and
stemness features of DPSCs as well as the bacterial ability to produce biofilm.
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2. Results

2.1. Titanium Surface Characterization

Scanning electron microscopy (SEM) analysis carried out on MCH surfaces from each experimental
group is shown in Figure 1A. At lower magnifications, MCH control surface displayed concentric
irregularities according to our previous findings [15]. The polishing treatment with Ni-Ti brush
was characterized by grooves oriented in all the directions through the entire surface of the disks,
as reported in either lower and higher magnifications. On the MCH titanium surfaces treated with
Bic40, the presence of slight alterations of the whole surface was observed. Particularly, newly formed
irregularities were detected on the entire treated disk (Figure 1A).

Figure 1. Cont.

21



Int. J. Mol. Sci. 2019, 20, 1868

Figure 1. Machined (MCH) surfaces characterization after cleaning treatments. (A) Scanning electron
microscopy (SEM) analysis at different magnifications was carried out on MCH titanium surfaces from
the three experimental groups (Ctrl, Brush and Bic40, as indicated) in order to evaluate the surface
topography. Scale bars: 100 μm (left) and 20 μm (magnifications on the right). (B) Atomic force
microscopy (AFM) analysis of MCH surfaces. Histograms report the surface roughness expressed as
Ra, Rpv and Rsm values. Values represent mean ± SD of three independent experiments; one-way
ANOVA followed by Newman-Keuls post-hoc test.

Furthermore, atomic force microscopy (AFM) analysis was performed to evaluate the roughness
of MCH disks following the different polishing treatments. In particular, as shown in Figure 1B, Ra,
Rpv and Rsm were determined for each experimental group. With regard to Rpv parameter, higher
values were recorded in MCH Brush group, in comparison to control MCH and MCH Bic40, although
these differences were not statistically significant (Figure 1B). At the same time, SEM analysis was
carried out on NCA surfaces from the three experimental groups. Data are reported in Figure 2A.
According to previous data from our group [15], control NCA were characterized by homogeneous
irregularities spread through the whole analysed area. The polishing treatment with Brush induced a
notable modification of the surface: particularly, a flattening of the peaks typical of NCA surface was
observed at lower and higher magnifications. Conversely, the air-polishing treatment with Bic40 did
not induce any relevant alteration of the nanotopography of the surface. These observational data were
not confirmed by AFM analyses, as a matter of fact, Ra, Rpv and Rms parameters did not differ among
the three experimental groups. Likely, this evidence might be due to the AFM instrumental sensitivity
(Figure 2B). Taken together, data on surface roughness of MCH and NCA surfaces treated with Bic40 did
not show any significant difference, in terms of nanotopography, from both MCH and NCA controls.

22



Int. J. Mol. Sci. 2019, 20, 1868

Figure 2. NCA surfaces characterization after cleansing treatments. (A) SEM analysis at different
magnifications was carried out on NCA titanium surfaces from the three experimental groups (Ctrl, Brush
and Bic40, as indicated) in order to evaluate the surface topography. Scale bars: 100 μm (left) and 20
μm (magnifications on the right). (B) AFM analysis of NCA surfaces. Histograms report the surface
roughness expressed as Ra, Rpv and Rsm values. Values represent mean ± SD of three independent
experiments. No statistically significant difference was detected among the groups; one-way ANOVA
followed by the Newman-Keuls post-hoc test.
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2.2. Stem Cells Morphology and Proliferation on Titanium Surfaces after Polishing Treatments

The hDPSCs morphology was evaluated by confocal microscopy, as shown in Figures 3 and 4.
Cells were stained with phalloidin and DAPI. After 7 days of culture under standard conditions on MCH
surfaces, hDPSCs displayed a fibroblast-like morphology with cells being arranged parallel to the surface
grooves without showing significant differences following the Brush and Bic40 polishing treatments.
With regard to the distribution of cells through the surface area, we noticed that hDPSCs cultured on
MCH Brush oriented not only along the grooves due to the industrial fabrication but also along the
scratches created after the Brush cleaning. No differences were observed in hDPSCs seeded on MCH
Bic40 when compared to the control group (Figure 3A). Also, no differences in terms of proliferation rate
were observed among the three experimental groups as indicated by histograms (Figure 3B).

Figure 3. Evaluation of hDPSCs morphology and proliferation on MCH titanium surfaces. (A) hDPSCs
morphology was assessed by confocal microscopy with phalloidin staining after 7 days of culture
on MCH Ctrl, MCH Brush and MCH Bic40 surfaces. (B) Cell proliferation on titanium disks was
measured by counting cell nuclei after DAPI staining. Histograms show cell numbers after 7 days
of culture on titanium surfaces from the three experimental groups. Values represent mean ± SD.
No statistically significant difference was detected among the groups; one-way ANOVA followed by
the Newman-Keuls post-hoc test. Scale bar: 100 μm.

Figure 4 shows the morphology, distribution and proliferation of hDPSCs after 7 days of culture on
NCA surfaces following Brush and Bic40 treatments. As formerly described, the culture on NCA disks
induced a morphology alteration in hDPSCs. In particular, cells were homogeneously spread through
the whole area and showed an irregular shape with reduction of the average cell area. The same
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features were observed in hDPSCs cultured on NCA Brush disks. Interestingly, when NCA disks were
cleaned with Bic40 hDPSCs grew still homogeneously although recovering their typical fibroblast-like
morphology, as reported when cultured on MCH disks. This shift in morphology was reflected also by
an increased proliferation rate and by values of average cell area of hDPSCs cultured on NCA Bic40,
with respect to NCA Ctrl and NCA Brush (* p < 0.05, Figure 4B).

Figure 4. Evaluation of hDPSCs morphology and proliferation on NCA titanium surfaces. (A) hDPSCs
morphology was assessed by confocal microscopy with phalloidin staining after 7 days of culture on
NCA Ctrl, NCA Brush and NCA Bic40 surfaces. (B) Cell proliferation on titanium disks was measured
by counting cell nuclei after DAPI staining. Histograms show cell numbers and average cell area after 7
days of culture on titanium surfaces from the three experimental groups. Values represent mean ± SD.
* p < 0.05 NCA Bic 40 vs. NCA Brush, NCA Bic40 vs. NCA Ctrl; one-way ANOVA followed by the
Newman-Keuls post-hoc test. Scale bar: 100 μm.

2.3. Expression of Stemness Markers

Human DPSCs were immune-selected against STRO-1 and c-Kit. After 7 days of culture on MCH
and NCA surfaces, immunofluorescence analysis was performed in order to evaluate the maintenance
of their biological properties. The expression of STRO-1 and c-Kit, two typical mesenchymal stem cells
markers, were investigated in MCH and NCA after cleaning treatments.

As reported in Figure 5, hDPSCs cultured on MCH Ctrl showed the expression of both mesenchymal
markers. These markers were still observed in hDPSCs cultured either on MCH Brush and MCH Bic40.
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Figure 5. Evaluation of stemness markers of hDPSCs on titanium surfaces after cleaning treatments.
Immunofluorescence analysis of STRO-1 and c-Kit in hDPSCs cultured for 7 days on MCH (A) and
NCA (B) surfaces from the three experimental groups. Red squares indicate details reported at higher
magnifications on the right. Nuclei were stained with DAPI. Scale bar: 10 μm.

On the contrary, we noticed a reduction in STRO-1 and c-Kit expression in hDPSCs grown on NCA
Ctrl and NCA Brush after 7 days of culture. Conversely, the expression of these markers was evident
in hDPSCs cultured on NCA Bic40. The morphology data in association with stemness evaluation
indicate that after cleansing with Bic40, the NCA surface appeared more favourable/suitable to the
growth of hDPSCs in their physiological microenvironment.

2.4. Microbial Biofilm Formation onto Titanium Disks

Based on the biological results concerning morphology, proliferation and stemness markers, it was
then evaluated whether the polishing treatment with Bic40 on NCA surface may affect the microbial
growth. Thus, Pseudomonas aeruginosa (106/mL) was seeded at time 0, in two sets of wells, containing or not
the titanium disks; then, the plate was incubated at 35 ◦C for 24 h and microbial growth was assessed by
bioluminescent analysis. As shown in Figure 6A, a superimposable trend was observed in the two groups
of wells (control: no disks; sample: with disks); moreover, at 24 h, comparably high levels of total microbial
load were achieved, being 2.6 × 108/mL and 3.4 × 108/mL the CFU/mL detected in control and sample
groups, respectively. These data indicated that the presence of titanium disks did not affect microbial
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growth. To assess the occurrence of biofilm onto such disks, the latter were exposed to bacteria for 24 h,
washed twice with PBS to eliminate the non-adherent microbial cells and then the residual bioluminescent
signal was evaluated, as measure of formed biofilm. The obtained bioluminescent signal was converted in
CFU and indicated that biofilm was produced at amounts as high as 1.95 × 108 CFU/mL (data not shown).

Figure 6. P. aeruginosa growth and biofilm formation on titanium disks, treated or not with Bic40 procedure,
as assessed by a bioluminescent (BLI) bacterial strain. (A) P. aeruginosa growth was not affected by the presence
of titanium disks. BLI-Pseudomonas (106/mL) in TSB plus 2% sucrose was seeded in 96 black well-plate and
incubated at 35 ◦C in the presence (orange) or absence (green) of titanium disks (1/well). The plates were
then incubated by Fluoroskan and the bioluminescent signal was recorded in real time (h), up to 24 h. By the
calibration curve, the RLUs were converted in CFU/mL + SEM (Standard Error Mean), as indicated in the Y
axis. (B) Effects of the cleaning procedure on titanium disks-associated biofilm. Microbial biofilm produced
onto titanium disks (by 24 h incubation, as above) was exposed or not to the Bic40 cleaning procedure (treated
vs. untreated group); the residual bioluminescent signal was measured and converted, by the calibration
curve, in CFU/mL ± SEM, as indicated in the Y axis. (C) Real time monitoring of P. aeruginosa re-growth on
treated and untreated titanium disks. The microbial re-growth, occurring in Bic40-treated and untreated disks,
was evaluated in real time, for additional 24 h. Then, the bioluminescent signal was measured and converted
in CFU, returning values of 3.6 × 108/mL and 1.2 × 107/mL, in untreated and treated groups, respectively.
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2.5. Microbial Biofilm Removal from Titanium Disks

To assess the efficacy of the Bic40 cleaning procedure against a preformed biofilm, 4 disks containing
a 24 h-old biofilm were treated with Bic40 procedure, as detailed above (treated group), while 3 disks,
used as controls were not treated (untreated group); then, each disk was transferred in a new well with
fresh medium and incubated for additional 24 h. As shown in Figure 6B, when compared to the untreated
groups, the Bic40-treated disks displayed an about 3 logs drop in terms of CFU/mL.

2.6. Microbial Re-Growth on Treated and Untreated Titanium Disks

As detailed in Figure 6C, the microbial load in the untreated group remained almost constant
during the subsequent 24 h range. In contrast, treated disks showed a delayed and time-related
increase in CFU. In particular, the major differences between treated and untreated disks occurred
within the first 5–6 h; then, microbial load on treated disks reached a plateau level, that consistently
remained about 1 log below the values observed in the untreated disks until at 24 h.

3. Discussion

The peri-implant disease is due to the colonization of the implant surfaces by pathogens which
constitute a biofilm [25]. Bacterial adhesion and biofilm formation play a fundamental role not only
into the pathogenesis of peri-implantitis but also into the implant survival [12,13,26]. In a previous
study [27] we observed that the biofilm occurred regardless of the degree of surface roughness.
Therefore, the removal of the biofilm from the implant surface, indistinctly smooth or rough, is the
primary objective. It is well known that the response of cells and tissues to a biomaterial depends on
the properties of the material itself such as surface topography, chemical composition and capability
to interact with body fluids [15,28]. Following bacterial contamination, the procedures used to
decontaminate the implant surface can cause alterations of its topography and its chemical composition.
To this regard and to the best of our knowledge the optimal cleansing approach is expected to
effectively remove the bacteria biofilm without altering the chemical and physical properties of the
implant and consequently the biological properties of cells involved in the osseointegration process.
In this study we analysed two different titanium surfaces, before and after the treatment with two
cleansing approaches, mimicking what physiologically occurs in terms of cells/implant interactions
after decontamination procedures.

Qualitative analysis of surface morphology revealed how in both MCH and NCA groups
the surfaces treated with Ni-Ti brushes are morphologically different from the untreated surfaces,
in agreement with Park et al. [18]. In fact, SEM analysis showed the presence of deep grooves
heterogeneously distributed over the MCH surface and flattened area over the NCA surface.
Slight although not statistically significant differences were revealed by Ra, Rpv and Rsm physical
parameters. Conversely, the treatment with Air-polishing system with Bic40 produced not significant
alterations of both the MCH and NCA surfaces in terms of physical parameters. Subsequently, the aim
of the study was to evaluate the biological features of stem cells that embryologically participate to
the osseointegration process. The use of dental pulp stem cells represents a suitable choice in terms
of stemness properties and ease of isolation. Although hDPSCs are a heterogeneous population,
we used a stem cell population enriched for the expression of the stemness markers STRO-1 and c-Kit,
which represent a strictly mesenchymal origin able to differentiate in bone, adipose and myogenic
lineages. To the best of our knowledge, we noticed that on MCH titanium surface before and after both
the cleansing treatments, hDPSCs maintained their fibroblast-like morphology without any alteration
of cell proliferation. The only difference observed concerned the hDPSCs distribution pattern through
the MCH Brush surface, in fact cells were spread along the grooves produced by Ni-Ti brush. On the
contrary, hDPSCs grown on MCH Bic40 and MCH ctrl surfaces did not show any difference.

Regarding NCA surface, a change in cell morphology was observed in NCA ctrl and NCA brush,
in accordance with our previous findings [15]. After the treatment with Bic40 hDPSCs showed their
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typical cell morphology and also demonstrated a statistically significant higher proliferation rate, when
compared to NCA ctrl and NCA Brush surfaces: this phenomenon might be attributed to the interaction
of calcium ions incorporated on the NCA surface with bicarbonate ions from the cleansing treatment
with Bic40. These observations were confirmed by the evaluation of stemness markers on MCH and
NCA surfaces before and after the cleansing treatments. In particular, whereas no differences were
detected in any MCH group, we noticed that STRO-1 and c-Kit expression were maintained in NCA
Bic40 group. As a matter of fact, the maintenance of stemness is a primary requirement to preserve the
biological properties including self-renewal and differentiation capabilities and immunomodulatory
properties and consequently to avoid cell senescence. Based on these results, Bic40 might represent
the most suitable cleansing treatment. To further confirm the efficacy of Bic40, we also performed
microbiology assays. Using a recently established model precious in assessing microbial biofilm
formation onto medical devices [29], here we showed that BLI-Pseudomonas has the ability to adhere
to the titanium disks and to form a consistent biofilm on their surface. Moreover, the cleaning
treatment with BIC 40 μm is capable of reducing the biofilm of about 99% with respect to untreated
control group (100% vs. 0.05%, respectively). In particular, the microbial load, evaluated as RLU
and converted in CFU/mL, has been reduced of more than 3 logs in the treated groups as compared
to their controls. Furthermore, microbial re-growth in treated disks remains consistently below the
control values (difference of about 1 log). We may hypothesize that the combination of the physical
treatment (dry spray) and the hypertonic condition (sodium bicarbonate accumulation onto titanium
disks) negatively impact on microbial cell-viability. Furthermore, the enrichment of air-polishing
powders with antimicrobial fillers such as Ciprofloxacin and/or mucosal defensive agents such as
Zinc L-carnosine might improve the antibacterial action of the cleaning tool and its biocompatibility
towards soft tissues [30]. In conclusion, we demonstrated that Bic40 provides a suitable cleansing
approach either on smooth and rough surfaces.

4. Materials and Methods

4.1. Human DPSCs Isolation and Immune Selection

This study was carried out in compliance with the recommendations of Comitato Etico
Provinciale—Azienda Ospedaliero-Universitaria di Modena (Modena, Italy), which provided the
approval of the protocol (ref. number 3299/CE; 5 September 2017). Human DPSCs were isolated from
third molars of adult subjects (n = 3; 30–35 years) undergoing routine dental extraction. All subjects
gave written informed consent in accordance with the Declaration of Helsinki.

Cells were isolated from dental pulp as previously described [23]. Briefly, dental pulp was
harvested from the teeth and underwent enzymatic digestion by using a digestive solution, (3 mg/mL
type I collagenase plus 4 mg/mL dispase in α-MEM). Pulp was then filtered onto 100 μm Falcon Cell
Strainers, in order to obtain a cell suspension. Cell suspension was then plated in 25 cm2 culture
flasks and expanded in standard culture medium [α-MEM supplemented with 10% heat inactivated
foetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin] at 37
◦C and 5% CO2. Following cell expansion, human DPSCs were immune-selected by using MACS®

separation kit according to manufacturers’ instructions. The immune-selections were performed by
using primary antibodies: mouse IgM anti-STRO-1 and rabbit IgG anti-c-Kit (Santa Cruz, Dallas, TX,
USA). The following magnetically labelled secondary antibodies were used: anti-mouse IgM and
anti-rabbit IgG (Miltenyi Biotec, Bergisch Gladbach, Germany). The immune-selection resulted in the
isolation of a homogeneous hDPSCs population expressing STRO-1 and c-Kit. All the experiments
were performed using STRO-1+/c-Kit+ hDPSCs.

4.2. Titanium Surfaces Characterization

A total of 50 titanium disks (MegaGen Co. Ltd., Daegu, South Korea) measuring 13 mm in
diameter and 3 mm in thickness were used in this study. Particularly, two different titanium surfaces
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were used: machined (MCH) and Ca2+ incorporated (NCA). The treatment processes are hold by the
manufacturer. For this study, titanium surfaces were divided into 3 different experimental groups:
(1) control surfaces (Ctrl), (2) surfaces cleaned with Ni-Ti brushes (Brush) and (3) surfaces cleaned by
air-polishing with NaHCO3 40 μm (Bic40).

The cleansing of the disks was carried out using two mechanical methods: (1) Nickel-Titanium
Brushes (I.C.T. Brush micro, Hans Korea Co. Ltd., Gyeonggi-do, Korea/ De Ore, Verona, Italy) and (2)
Air-Polishing System (Combi-Touch, Mectron spa, Carasco, Genova, Italy) with 40μm bicarbonate powder.

Briefly, the “I.C.T.” (Implant Cleaning Technique) nickel-titanium brushes, made up of about
40 super elastic filaments with a diameter of 0.07–0.13 mm, were used at 400 rpm and 600 rpm,
respectively, for two sequential rounds of 45 s each. The total duration of each surface treatment was 90 s
and a 25 g pressure calibrated on an electronic scale was used, with 100 N of torque. All the treatments
were performed by the same operator under irrigation with buffer saline solution (0.9% NaCl).

The “Combi-Touch” air polishing system with sodium bicarbonate particles (ø 40 μm) was used
for 30 s at a distance of 5 mm. In particular, the operating principle of “Combi Touch” air-polishing
system consists in the mechanical action of compressed air spreading an accelerated flow of particles
onto the titanium surface. When the particles hit the surface, their kinetic energy is dissipated almost
completely, thus producing a gentle although effectively cleansing action. The cleaning treatment is
completed by a water jet that is arranged in the form of a bell around the main flow and that uses the
pressure drop originated around the nozzle to prevent the powder cloud from bouncing and being
dispelled and, at the same time, to dissolve the powder by washing the surface.

After the cleansing treatments, surface morphology for each experimental group was qualitatively
evaluated through Scanning Electron Microscopy (EVO MA 10—Carl Zeiss, Oberkochen, Germany)
working at 25 keV. Moreover, surface roughness was determined by Atomic Force Microscopy
(Nanoscope IIIa, Veeco, Santa Barbara, CA, USA) and Ra, Rpv and Rms parameters were obtained.
Ra (Roughness average) measures the average surface roughness considering the peaks and the valley
means. The Rpv (peak to valley distance) describes the maximum observed range in a sample area
and it is given by the distance between the highest peak and the lowest valley on a measured surface.
Rms parameter describes the density of micropores on the surface.

4.3. Cell Morphology and Proliferation

Undifferentiated STRO-1+/c-Kit+ hDPSCs at passage 1 were seeded at a density of 2.5 × 103 cell/cm2

on titanium disks in 12-multiwell units and expanded under standard culture conditions. After 7 days
of culture, cells were fixed in ice-cold paraformaldehyde 4% for 15 min without dissociating them from
the titanium disks. The cells were subsequently permeabilized with 0.1% Triton X-100 in PBS for 5 min,
stained with AlexaFluor546 Phalloidin (Thermo Fisher Scientific) and rinsed with PBS 1%. Nuclei were
stained with 1 μg/mL 4′,6-diamidino-2-phenylindole (DAPI) in PBS 1%. Titanium disks were mounted
with DABCO anti-fading medium on cover glasses. Cell proliferation and morphology were assessed
using confocal microscopy (Nikon A1), as formerly described by Bianchi et al. [24].

Cell proliferation was measured by counting the DAPI-positive nuclei on 10 randomly selected
fields measuring 2.85 × 105 μm2 for each disk by a blind operator. At the same time, average cell area
was measured on hDPSCs from 10 randomly selected fields, measuring 2.85 × 105 μm2, on 3 disks for
each experimental group.

4.4. Evaluation of Stemness Markers in hDPSCs Cultured on Titanium Disks

After 1 week of culture on each disk, cells were fixed in 4% ice-cold paraformaldehyde in PBS for
15 min and then processed as previously described [31]. The following primary Abs diluted 1:100 were
used: mouse IgM anti-STRO-1 and rabbit IgG anti-c-Kit (Santa Cruz, Dallas, TX, USA). Secondary
Abs (goat anti-mouse IgM Alexa488, goat anti-rabbit Alexa546) were diluted 1:200 (Thermo Fisher
Scientific, Waltham, MA, USA). Nuclei were stained with 1 μg/mL 4′,6-diamidino-2-phenylindole
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(DAPI) in PBS 1%. The multi-labelling immunofluorescence experiments were carried out avoiding
cross-reactions between primary and secondary Abs.

Confocal imaging was performed using a Nikon A1 confocal laser scanning microscope,
as previously described [32]. The confocal serial sections were processed with ImageJ software to
obtain 3-dimensional projections and image rendering was performed by Adobe Photoshop Software.

4.5. Microbial Strain

We used the bioluminescent Pseudomonas aeruginosa strain (P1242) (BLI-Pseudomonas) previously
engineered in order to express the luciferase gene and substrate under the control of a constitutive
P1 integron promoter 2 [33]; thus, live cells constitutively produce a detectable bioluminescent
signal. To quantify the bioluminescence emission by BLI-Pseudomonas in the experimental groups,
a calibration curve was created allowing to express such values in terms of colony forming units
(CFU)/mL; in particular, serial dilutions (starting from 1 × 108/mL) of a bacterial suspension in Tryptic
Soy Broth (TSB) (OXOID, Milan, Italy) with 2% sucrose were prepared and a volume of 100 μL of
each dilution was seeded in a black-well microtiter plate. The plate was immediately read by using a
Fluoroskan Luminescence reader (Thermo Fisher Scientific, Waltham, MA, USA).

4.6. Biofilm Formation onto Titanium Disks

In order to allow biofilm formation onto Ca-structured titanium disks, 180 μL of overnight cultures
of BLI-Pseudomonas (106/mL) in TSB plus 2% sucrose were seeded in 96 black well-plate, containing
1 disc/well. In parallel, BLI-Pseudomonas was seeded in wells without the titanium disks. The plates
were then incubated at 35 ◦C for 24 h, into the Fluoroskan reader and the bioluminescence was detected
at every hour to evaluate in real time, the total microbial load. After incubation, the disks were washed
twice with phosphate buffered saline (PBS) (EuroClone, Wetherby, UK) at room temperature (RT),
transferred into new wells and the bioluminescence signal was again measured; the obtained values
were referred to the amounts of biofilm formed onto disk surfaces. Through the calibration curve,
the relative luminescent units (RLU) obtained in each experiment were converted in CFU/mL.

4.7. Biofilm Re-Growth onto Treated and Untreated Titanium Disks

Following biofilm formation, the disks were split in two groups and the cleaning treatment
was performed, as detailed above; then, controls (untreated) and cleaned (exposed to Bic40 μm for
30 s/surface) were transferred into new wells containing fresh medium and further assessed for
microbial residual load and time-related re-growth. Briefly, treated and untreated disks were analysed
by Fluoroskan reader, immediately (residual biofilm) and at any hour during a further 24 h incubation
at 35 ◦C. Through the calibration curve, the RLU were converted in CFU/mL.

4.8. Statistical Analysis

All experiments were performed in triplicate. Data were expressed as mean ± standard deviation
(SD). Differences between two experimental conditions were analysed by paired, Student’s t-test.
Differences among three or more experimental samples were analysed by ANOVA followed by
Newman–Keuls post hoc test (GraphPad Prism Software version 5 Inc., San Diego, CA, USA). In any
case, p value < 0.05 was considered statistically significant.
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Abstract: Injectable platelet-rich fibrin (i-PRF) has been used as an autografting material to enhance
bone regeneration through intrinsic growth factors. However, fractionation protocols used to prepare
i-PRF can be varied and the effects of different fractionation protocols are not known. In this study,
we investigated the influence of different fractions of i-PRF on the physical and biological properties
derived from variations in i-PRF fractionation preparation. The i-PRF samples, obtained from
the blood samples of 10 donors, were used to harvest i-PRF and were fractioned into two types.
The yellow i-PRF fractionation was harvested from the upper yellow zone, while the red i-PRF
fractionation was collected from both the yellow and red zone of the buffy coat. The viscoelastic
property measurements, including the clot formation time, α-angle, and maximum clot firmness, were
performed by rotational thromboelastometry. The fibrin network was examined using a scanning
electron microscope. Furthermore, the concentration of growth factors released, including VEGF,
TGF-β1, and PDGF, were quantified using ELISA. A paired t-test with a 95% confidence interval
was used. All three viscoelastic properties were statistically significantly higher in the yellow i-PRF
compared to the red i-PRF. The scanning electron microscope reviewed more cellular components in
the red i-PRF compared to the yellow i-PRF. In addition, the fibrin network of the yellow i-PRF showed
a higher density than that in the red i-PRF. There was no statistically significant difference between
the concentration of VEGF and TGF-β1. However, at Day 7 and Day 14 PDGF concentrations were
statistically significantly higher in the red i-PRF compared to the yellow group. In conclusion, these
results showed that the red i-PRF provided better biological properties through the release of growth
factors. On the other hand, the yellow i-PRF had greater viscoelastic physical properties. Further
investigations into the appropriate i-PRF fractionation for certain surgical procedures are therefore
necessary to clarify the suitability for each fraction for different types of regenerative therapy.

Keywords: bone regeneration; fractionation; growth factors; i-PRF; PRF; ROTEM®
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1. Introduction

Platelet-rich fibrin (PRF) derived from the centrifugation of whole blood has long been used
successfully in regenerative dentistry and medicine [1–5]. A centrifugation speed of 2700 rpm for
12 min in PRF with a glass or glass-coated tubes permits the use of PRF material without any
additional anticoagulants. The fibrin matrix scaffold network in PRF appears to be beneficial in tissue
regeneration [6]. PRF has shown to enhance regeneration of bone [1,7], cartilage [8], soft tissue [5,9–11],
and nerve fiber [12]. However, the application of solid PRF, resulting from a blood sample preparation
at 400 g relative centrifugal force (RCF) or 2700 round per minute (rpm) for 12 min, has its limitations.
For instance, it cannot be mixed with a particulate bone substitute. To mix with particulate bone,
the biomaterials in a liquid form are more suitable. Both injectable platelet-rich fibrin (i-PRF) and
PRF-predecessor platelet-rich plasma (PRP) are the liquid formula within the platelet concentrated
group that can be used efficiently for mixing with the particulate bone graft. PRP is traditionally
prepared from whole blood using a higher speed centrifugation compared to PRF [1–5]. Unfortunately,
PRP has some drawbacks because it requires either synthetic anticoagulants, such as citrate dextrose-A
(ACD-A) and citrate phosphate dextrose (CPD), or other activating agents, such as thrombin. Although
those additive agents allow for appropriate clinical working time and manipulation, they can inhibit
healing and regeneration due to the lack of biocompatibility [9–11,13–15].

The concept of low speed centrifugation is central to the preparation of the liquid form of i-PRF
as well as to create a material rich in leukocytes, platelets, and growth factors, including the vascular
endothelial growth factor (VEGF), transforming growth factor-beta 1 (TGF-β1), and platelet-derived
growth factor (PDGF), compared to the first generation platelet-derived PRP [9–11,16]. According
to the low speed centrifugation concept, i-PRF can be obtained by using a centrifugation speed at
60 g RCF or 700 rpm for 3 min [10,16,17]. Blood harvesting is similar to the PRF membrane method,
however, the non-coating plastic tube was recommended in order to prevent the formation of early
clotting in the tube. After centrifugation, whole blood is separated into three main parts based on
the buffy coat layer: A yellow upper part, a buffy coat middle part, and a red blood cell containing
lower part. A small syringe with an 18G hypodermic needle is used for collecting the i-PRF to be
used. The harvesting method of i-PRF after centrifugation has been described as harvesting only the
whole upper layer above the buffy coat [16,17], however, the amount of the upper layer harvested can
vary among individuals and the position of needle tips during harvesting can also be varied based
on different clinical practice. To the best of our knowledge, there is no study examining the different
properties of yellow and red i-PRF.

The aim of this study was to investigate the influence of different separation techniques of i-PRF on
its mechanical and biological properties. We further hypothesize that fractionation of the centrifuged
plasma for i-PRF is central to the i-PRF’s physical properties and biological components. We proposed
to examine two fractionation protocols producing yellow i-PRF and red i-PRF based on the fraction
of centrifuged plasma above and within the buffy coat, respectively. We expected that the yellow
i-PRF would have less cellular components, a denser fibrin network, and therefore have better physical
properties than the red i-PRF. On the contrary, we expected that the red i-PRF would have more cellular
components and therefore have better biological properties reflecting the greater release of known
PRF-related growth factors, including VEGF, TGF-β1, and PDGF.

2. Results

Rotational thromboelastometry (ROTEM®, Tem International GmbH, Munich, Germany) [18]
was applied to examine the viscoelastic properties of red and yellow i-PRF. The means and standard
deviations for the clot formation time (CFT), α-angle, and maximum clot firmness (MCF) were 52.8 ±
13.14 s, 81.2 ± 1.81 degree, and 85.3 ± 3.56 mm, respectively, for the yellow i-PRF and 68.2 ± 12.31 s,
77.8 ± 2.82 degree, and 81.6 ± 4.50 mm, respectively, for the red i-PRF as shown in Figure 1. The results
showed statistically significant differences (paired t-test) between the two types of i-PRF in all three
properties: CFT, α-angle, and MCF, with p-value = 0.008, 0.004, and 0.001, respectively, as shown in
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Figure 1. The CFT for the yellow i-PRF was shorter than the red i-PRF. The α-angle was higher in the
yellow i-PRF compared to the red i-PRF. The MCF was also higher in the yellow i-PRF compared to the
red i-PRF.

Figure 1. Rotational thromboelastometry (ROTEM®) analysis demonstrating (A) clot formation time
(CFT), (B) α-angle, and (C) maximum clot firmness (MCF) of the yellow injectable platelet-rich fibrin
(i-PRF) and the red i-PRF. ** p < 0.01.

The examination of the i-PRF by SEM showed the fibrin network architecture and cellular
components. In the yellow i-PRF, a dense fibrin network with less cellular components than the
red i-PRF was observed (Figure 2). On the contrary, SEM showed that more cellular components,
such as leukocyte, platelets, and erythrocytes, were in the red i-PRF compared to the yellow i-PRF.
In addition, the numerous erythrocytes were enmeshed in the fibrin network. The shapes of these
erythrocytes were normal, but the fibrin network appeared at a lower density and was less organized
compared to the yellow i-PRF (Figure 2).

Figure 2. Scanning electron microscope images of i-PRF using different fraction methods. A different
position of the harvesting needle led to two types of i-PRF: The yellow and red i-PRF. (A) The yellow
i-PRF showed a dense and highly organized fibrin network. (B) On the other hand, the red i-PRF
demonstrated more cellular components of leukocyte, platelets, and erythrocytes than the yellow i-PRF.
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The growth factor concentrations were quantified at 3 h, 24 h, 72 h (3 days), 168 h (7 days), and
336 h (14 days) after preparation. There was a distinct difference between the releasing patterns
for VEGF, TGF-β1, and PDGF (Figure 3). At 3 h, 24 h, and 3 days, the VEGF concentrations were
increased. Three hours after preparation, the VEGF concentration of both i-PRFs was at a similar level.
This level presented in the yellow i-PRF was similar at 24 h again while the red i-PRF dramatically
increased. The concentrations of VEGF peaked at Day 3 for both the yellow and red i-PRF. There was a
slightly higher concentration of VEGF in the red i-PRF compared to the yellow i-PRF but the difference
was not statistically significant (Figure 3A). Different results were detected at Day 7 and 14 after
clotting. At this time point, both i-PRFs showed a decreasing VEGF concentration. In conclusion, the
released accumulation of VEGF showed a higher concentration in the red i-PRF than the yellow i-PRF
(Figure 3B).

Figure 3. Time point releases and accumulated releases of three growth factors: (A,B) vascular
endothelial growth factor (VEGF), (C,D) transforming growth factor-β1 (TGF-β1), and (E,F)
platelet-derived growth factor (PDGF). * p < 0.05.

The growth factor concentration for the human TGF-β1 showed a general trend at all time points.
The highest concentration was recorded at 3 h for the yellow and red i-PRF then decreased and was
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stable at 24 h, 3 days, and 7 days. There was a dramatic decrease of the TGF-β1 concentration for
both i-PRFs at Day 14 (Figure 3C). Note that the released accumulation of TGF-β1 presented a similar
trend and value for the yellow and red i-PRFs (Figure 3D). Using a paired t-test, there was however no
statistically significant difference between the concentration of VEGF and TGF-β1 (Figure 3).

The release of PDGF was more constant throughout the experimental timeline. Analysis of the
PDGF release (Figure 3E) revealed that more PDGF was released from the red i-PRF at 7 and 14 days
(975.47 ± 371.24 μg/mL and 615.98 ± 443.59 μg/mL) compared with the yellow i-PRF (623.46 ±
263.30 μg/mL and 385.59 ± 237.53 μg/mL). These data were statistically significant for Day 7 (p = 0.02)
and Day 14 (p = 0.03). Cumulatively, PDGF continued to release at all time points and a stronger
releasing trend was observed for the red i-PRF over the yellow i-PRF (Figure 3F).

Analysis of the kinetics of the growth factors released showed that VEGF, TGF-β1, and PDGF
reached peak release at Day 3, 3 h, and Day 7, respectively. On top of that, TGF-β1 was almost
completely released within the first 7 days while VEGF and PDGF showed a longer releasing over
14 days.

3. Discussion

The main difference of i-PRF from solid PRF is the lower speed and time in centrifugation
for i-PRF [10,19]. The idea of a slower centrifugation is to allow some cellular and growth factor
components to stay in the final product [6,9–11,17,20–24]. The i-PRF can be used in combination with
particulate bone allograft or autograft materials [25]. This advantage of a liquid formula of i-PRF
allows a more efficient incorporation of the bone graft material and increases the signaling molecules
throughout the whole graft.

Little information is known about the physical properties of i-PRF, which are important either
when being used alone or in combination with grafting materials. This study is one of the first to
apply ROTEM® technology, which is commonly used in hematology research [18,26–31], to examine
i-PRF. We hypothesized that compared to the lower layer—red i-PRF, the upper layer—yellow i-PRF
would have superior physical properties because of its lack of cellular components. All physical
properties confirmed our hypothesis. Although the yellow i-PRF was statistically superior compared
to the red i-PRF in viscoelastic properties, the value of the CFT, α-angle, and MCF of both i-PRFs
were similar to the reference value or slightly better compared to the standard whole blood that was
measured using ROTEM® [32]. In addition, the value of the CFT, α-angle, and MCF showed only a
minor difference between both i-PRFs. The SEM analysis demonstrated a dense, organized, acellular
fibrin network as a reason for the superior physical properties in the yellow i-PRF compared to the
red i-PRF. This clinically suggests that if i-PRF is to be used mainly as filler material or enhancement
stability and handling of grafting material, the yellow and red i-PRF may achieve a similar outcome.

A previous SEM analysis of leukocyte-PRF showed multi-different plasma layers that constituted
of a fibrin-rich layer at the uppermost layer, followed by an enriched platelet layer, and the buffy coat
layer with numerous leukocytes before the base layer of erythrocytes [33]. The SEM in our analysis
demonstrated a dense, organized, acellular fibrin network as in the fibrin-rich layer at the plasma
top layer of leukocyte-PRF. This characteristic might be a reason for the superior physical properties
in the yellow i-PRF compared to the red i-PRF. Meanwhile, the red i-PRF showed a greater number
of cells and platelets attached to the fibrin network similar to a combination of all the middle layers
and the erythrocyte base layer of leukocyte-PRF together. This additional cell and platelet content in
the red i-PRF might lead to better biological properties as we could observe a greater release of the
growth factors.

Contrary to the physical properties, we hypothesized that the red i-PRF, which has more cellular
components, would have higher release of growth factors. While there was no statistically significant
difference in the releases of VEGF and TGF-β1, PDGF at later time points were significantly higher
in the red i-PRF compared to the yellow i-PRF. This may be a result of the remaining platelet and
cellular components shown in the SEM in the red i-PRF. Note also that the releasing level of all three
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growth factors was similar to previously reported levels [10]. In addition, we found that the growth
factors continue to release even at Day 14. This result is similar to other PRF studies [9–11,17,20–24].
Self-cooperation of the fibrin network slowly forms the high fibrillar aggregation in PRF, which also
entraps proteins and growth factors to the binding domains of fibrin molecules. In contrast, PRP is
rapidly activated to gelation from a load of thrombin. Therefore, an unstable fibrin network of PRP is
formed, which results in lower growth factor retention and incompatible cell homing. PRP therefore
only releases growth factors in the early stage. Unlike the PRP, the kinetic release of growth factors
from i-PRF is longer, up to 14 days, because of its preserved valuable components, including platelets
and leukocytes. The growth factor release from this component can be sustained over a longer period
of time from the cellular and acellular component trapped in a naturally progressive polymerization
of the fibrin matrix [34]. On top of this, i-PRF potentially allows more growth factor attachment to
the heparin-binding domain, which is the high-affinity growth factor-binding site of the fibrinogen
that causes prolonged retention of the growth factor within fibrin [35]. This result suggests that when
i-PRF is used in combination with particulate bone grafts, the signaling molecules for bone tissue
engineering can be achieved. The red i-PRF may therefore have more benefits than the yellow i-PRF
because of the greater release of the growth factor shown. In such cases, clinicians should harvest the
red i-PRF just with the buffy coat.

This study demonstrated for the first time that minimal changes in the fractionation protocol
for i-PRF could alter the physical and biological properties of the final product. This in turn may
change the clinical outcomes/applications. These techniques need to be examined further through
cell culture analysis and human clinical studies. In any case clinicians should pay particular attention
to centrifugation and fractionation protocols. Deviations from the published protocols can result in
variations of physical properties and biological components as seen in this study and in others [17].
In addition, further research to develop a novel biomaterial product from i-PRF is an interesting topic,
where the freeze-dried or lyophilized technique may be used for sterilization [36,37].

4. Materials and Methods

4.1. Sample Collection and Preparation

The study protocol was approved by the Institutional Review Board of Human Ethic Committee
of the Faculty of Dentistry, Mahidol University (COA. No. MU-DT/PY-IRB 2017/061.221). Blood
samples were harvested from 10 healthy volunteers (age range 30–35, gender M/F = 2/8). The donors
had no history of using antiplatelet or anticoagulant medications. All donors gave written consent for
blood collection and for sample preparation and experiments (Figure 4).

Sample preparation was adopted from a previous published protocol, Miron et al. 2017 [10].
Immediately after the blood sample was collected, the sample was centrifuged at 60 g RCF for 3 min
using a Duo Centrifuge (Process for PRF, Nice, France) at room temperature; 60 g RCF is equivalent to
700 rpm for this device, which has a 110 mm radius. After centrifugation, two types of i-PRF samples
were harvested, yellow and red i-PRF. According to Wang et al. 2017 [24], about 1 mL of sample, either
the yellow or red i-PRF, was collected. The yellow i-PRF referred to the sample harvested only in
the upper liquid yellow zone above the buffy coat. The red i-PRF referred to the sample harvested
from the zone, red and yellow, with the buffy coat. The bevel edge of the harvesting needle was used
as a reference point (Figure 4). Subsequently, both types of i-PRF were used to observe the physical
properties, including viscoelasticity and morphology, and the biological properties, which is the release
of growth factors.
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Figure 4. Study workflow of three experiments comparing the red and yellow i-PRF and their
fractionation protocol used in this study.

4.2. Viscoelastic Property Analysis

The viscoelastic properties of the i-PRF samples were analyzed using rotational
thromboelastometry (ROTEM®, Tem International GmbH, Munich, Germany) [18]. ROTEM®

generates output from transducing changes reflecting from the viscoelastic strength of the blood
sample while a constant rotational force is applied. Three parameters were analyzed and digitally
recorded: Clot formation time (CFT), α-angle, and maximum clot firmness (MCF). The CFT represents
the speed at which a solid clot forms, which is primarily influenced by the platelet function, fibrinogen,
and coagulation factors. The CFT measures a duration from the clot initiation until it reaches the
20 mm amplitude. The α-angle is a measure to observe the dynamics of clot formation, which
represents the acceleration of the fibrin network formation and the amount of cross-linking build up.
The MCF is a measure for stability of the clot following the polymerization process.

4.3. Scanning Electron Microscopy (SEM)

The qualitative analysis of the morphological changes of the yellow and red i-PRF was performed
using SEM (JEOL, Peabody, MA, USA). The SEM examination was used to observe blood elements
present in the fibrin extracellular matrix. Cellular components such as leukocytes, platelets, and
erythrocytes were examined and recorded. The density of the fibrin network was also analyzed.
The i-PRF samples immediately after completing their clot formation were fixed in 2% glutaraldehyde
in Dulbecco’s phosphate buffered saline (DPBS) buffer with a pH of 7.4 overnight. Next, samples were
dried in the desiccator, then sputtered with 20 nm gold. SEM photography was then performed at 5 to
10 kV using 100× to 2000× magnifications.

4.4. Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA kits were used to quantify the released growth factors: VEGF, TGF-β1, and PDGF (R&D
systems Minnesota, United States). Approximately 9 mL of collected i-PRF from each protocol was
transferred into a 6-well plate. The plate was then placed in a 5% CO2 incubator at 37 ◦C for 30 min to
allow for complete clotting formation. Afterwards, 5 mL of Minimum Essential Medium Eagle-Alpha
Modification (α-MEM) with nucleosides (Gibco, USA) was added to each sample. The samples
were further incubated at 37 ◦C to allow for the release of growth factors during a 3 h to 14 days
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period of study. At 3 h, 24 h, 72 h (3 days), 168 h (7 days), and 336 h (14 days), 5 mL of culture
media was collected, frozen at −20 ◦C, and replaced with 5 mL of additional fresh culture media.
The concentrations of VEGF, TGF-β1, and PDGF were measured according to the manufacturer’s
instructions. Optical density was assessed using a microplate reader at 450 nm. The measurements
were performed in triplicates.

4.5. Statistical Analysis

Statistical assessment was performed using SPSS version 17.0. All data were presented as
the mean value ± standard deviation (SD). The data were tested for the distribution by using a
Kolmogorov-Smirnov test and Levene’s test to confirm the normality and equal variance assumptions
of the data. The data, assuming normal distribution, were then analyzed using paired t-tests to
compare the differences between two groups in each experiment. The level of significance used was
p < 0.05.

5. Conclusions

This study suggests that fractionation protocols in i-PRF preparation can alter the final product’s
physical and biological properties. Clinicians should pay attention to the applications of i-PRF in
combinational use with other grafting materials. For the handling and stability of grafting material
application, the yellow and red may provide the final i-PRF product with a similar outcome. For the
use of i-PRF in enhancing biological properties, the red i-PRF collected from the sample with the buffy
coat, which released a higher level of growth factors, in particular, PDGF, should be used.
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Abstract: Biochemical modification of titanium surfaces (BMTiS) entails immobilization of
biomolecules to implant surfaces in order to induce specific host responses. This crossover
randomized clinical trial assesses clinical success and marginal bone resorption of dental implants
bearing a surface molecular layer of covalently-linked hyaluronan in comparison with control
implants up to 36 months after loading. Patients requiring bilateral implant rehabilitation received
hyaluronan covered implants in one side of the mouth and traditional implants in the other side.
Two months after the first surgery, a second surgery was undergone to uncover the screw and to
place a healing abutment. After two weeks, the operator proceeded with prosthetic procedures.
Implants were evaluated by periapical radiographs and the crestal bone level was recorded at mesial
and distal sites—at baseline and up to 36 months. One hundred and six implants were positioned,
52 HY-coated, and 48 controls were followed up. No differences were observed in terms of insertion
and stability, wound healing, implant success, and crestal bone resorption at any time considered.
All interventions had an optimal healing, and no adverse events were recorded. This trial shows,
for the first time, a successful use in humans of biochemical-modified implants in routine clinical
practice and in healthy patients and tissues with satisfactory outcomes.

Keywords: dental implants; surface modification; hyaluronan; clinical trial

1. Introduction

Ever since the pioneering studies of Professor Brånemark, osseointegration of titanium implant
fixtures has been recognized as an interfacial event [1]. The clinical practice of implant dentistry has
been based on the intimate apposition of newly formed bone tissue to the titanium surface. A great
deal of literature has been devoted to the relationship between titanium surface properties and new
bone formation [2–4]. The primary physical-chemical variables, titanium oxide surface chemistry,
and implant surface topography dictate relevant surface parameters—such as surface charge and
wettability—and have been deeply investigated in relation to cellular events leading to peri-implant
bone regeneration [5–11]. The understanding of such relationships prompted the clinical evolution of
titanium implants from the original turned to present day micro- and nano-rough surfaces [12–14].

Parallel to the growth and widespread acceptance of dental implantology, rising knowledge
framed relevant interfacial biological events within a broader picture [15–18]. Cellular mechanisms
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leading to new bone formation and soft tissue healing, as well as inflammatory response leading to
loss of supporting soft and hard tissue, are mediated by biological molecules and relevant signaling.
The presentation of biomolecular cues, rather than the comparatively rough inorganic chemistry
of titanium, seems a reasonable highway towards the evolution of better and innovative implant
surfaces [19]. Accordingly, surface engineering of medical devices has long since been involved
with the immobilization of a wide range of biomolecules to medical materials surfaces [20,21].
Biochemical modification of titanium surfaces (BMTiS) was defined by Puleo and Nancy [22] as
the immobilization of proteins, enzymes, or peptides with the purpose of inducing specific cell and
tissue responses using critical organic components of bone to affect tissue response. BMTiS are
generally based on surface modification either by peptides, ECM proteins, or polysaccharides, all from
animal and vegetal sources [23–34]. Despite a huge number of studies and promising in vitro and
pre-clinical results [35], no practical application exists so far, and clinical performances of present-day
dental implants are still dictated by the titanium/host tissue interface and mostly based on stimulation
of cell behavior by surface topography.

This work presents the results of the first clinical trial involving bio-molecular modification of
titanium implant surfaces. Implant fixtures used in the present trial bear a surface nano-layer (a few
nm thick) of covalently-linked hyaluronic acid or hyaluronan [while its common acronym is HA, it is
indicated as HY in the present paper to avoid any risk of confusion with the widely used inorganic
HA (hydroxyapatite)-coatings]. This means that they present a complex macromolecular chemistry
and not the relatively simple inorganic chemistry of titanium surfaces at the implant/tissue interface.

HY (Figure 1) is a linear polysaccharide consisting of the repeating disaccharide unit
N-acetyl-D-glucosamine-D-glucuronate linked by β1-4 and β1-3 linkages. It is involved with a huge
number of cellular processes [36–39].

Figure 1. The repeating unit of Hyaluronan (HY).

Contrary to more complex glycosaminoglycans, HY is not sulfated, and it does not occur as part of
a proteoglycan linked to a protein carrier. Significant interest in HY as a biomaterial and in biomaterials
surface modification exists [40]. HY in medicine is mostly exploited because of its physical properties
(hydration, viscosity, space filling), or by taking advantage of the hydration-promoted ability to reduce
non-specific adhesion. Growing knowledge on HY as a key molecule in the regulation of many cellular
processes involved with wound healing and tissue regeneration suggests that even more opportunities
lie in the exploitation of its specific biological and bioactive properties [41–43].
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Several literature reports indicate the potential interest of HY in BMTiS. Concerning bone
regeneration, since the fifties it has been known that considerable HY is synthesized in the early
stages of callus formation during the repair of fractured long bones [44]. Iwata and Urist [45] found
that large amounts of HY were secreted when implants of decalcified bone underwent remineralization
as bone. Bernard and coworkers presented studies aimed at developing “a foundation for the use of
HY as a superior carrier for osteotropic substrates, even as HY acts to enhance osteogenesis due to
its own molecular structure” [46]. Their in vitro studies using fetal calvarial cells and bone marrow
osteogenic stem cells show that osteogenesis in vitro is significantly enhanced by HY 30–160 kDa,
while high Mw HY (550–1300 kDa) shows weak inhibitory effects compared to the control. Zou and
coworkers reported that 800 kDa HY added to bone marrow stromal cells cultured in vitro accelerates
cell proliferation, increases alkaline phosphatase activity and osteocalcin gene expression, and that
HY interacts with BMP-2 to generate direct and specific cellular effects [47]. Ito and coworkers
showed that locally applied 900 kDa HY has a positive effect in bone ingrowth in Titanium fiber
mesh implant in rats [48]. According to Cho, HY shows a positive effect in early bone consolidation
in distraction osteogenesis [49]. HY based scaffolds aid in the regeneration of cartilage and bone
defects in tissue engineering applications. The hypothesis of an active role played by local HY delivery
upon scaffold degradation was suggested [50]. Zhao et al. [51] investigated the role of molecular
weight and concentration of HY on the proliferation and osteogenic differentiation of rabbit bone
marrow-derived stem cells in vitro. Factorial analysis indicated that molecular weight (MW) and
concentration had an interactive effect on alkaline phosphatase mRNA expression (p < 0.05). HY of
higher MW and higher concentration promoted bone formation. Regarding the in vivo studies on
HY-coated implants, Aebli et al. [52] did not find bone growth increase in tests involving a sheep
model. It should be noted that in the quoted study, the water-soluble HY was simply applied
from solution to hydroxyapatite-coated implants without any intervening chemical bond to prevent
rapid wash off [40]. An in vivo study on surface-engineered titanium implants bearing instead of a
covalently-linked HY molecular surface layer in a four week rabbit model showed improvement of
both bone to implant contact and bone ingrowth by hystomorphometry, while mechanical testing
and evaluation of interfacial bone micro-hardness confirmed a faster bone maturation around HY
coated implants [53]. Based on these and other encouraging pre-clinical results, the present study
was conducted to investigate the clinical potential of HY covalently-linked implants and to set a
starting point for future developments. The main goal was to confirm, in clinical practice and adopting
objective clinical evaluation criteria, that “it is possible to do without the titanium surface chemistry”.
Once this point is set in routine clinics, pathways to actual exploitation of biomolecular signaling
properties in compromised or challenging cases can be explored.

The paper presents first a detailed investigation of HY-coated titanium implants surfaces
and relevant uncoated controls by SEM, energy dispersive X-ray spectroscopy (EDX), and X-ray
photoelectron spectroscopy (XPS). Results of the clinical trial are then presented and discussed.

This split-mouth randomized clinical trial is aimed at assessing the clinical success and marginal
bone resorption of dental implants bearing a surface molecular layer of covalently-linked hyaluronan in
comparison with traditional sand-blasted and etched titanium implants up to 36 months after loading.

2. Results

2.1. Scanning Electron Microscopy/EDX Analysis

The surface topography of control and HY-coated implants was evaluated by SEM. Figures 2
and 3 show obtained results at 3000× and 10,000×.
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Figure 2. SEM images of the control implant surface, (a) 3000×; (b) 10,000×.
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(a) 

 
(b) 

Figure 3. SEM images of the hyaluronan- (HY) coated implant surface, (a) 3000×; (b) 10,000×.

Both samples showed the typical microtopography of doubly acid etched surfaces—a microrough
surface where the distance between peaks was of the order of the micrometer. As reported in the
literature, a peak distance lower than the typical cell length can stimulate cell behavior, thus promoting
accelerated osteogenesis [54,55]. No evidence of the HY coating was observed, even at 10,000×.
Surface linking of HY involved just molecular layers, whose thicknesses were approximately a few
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nanometers at most [40]. At this level of magnification, it was not detected over the microrough
landscape provided by the doubly acid etched titanium surface. Table 1 reports the roughness
parameters according to ISO 4287 that were obtained by the stereo-SEM reconstruction of the surface
topography obtained from 2000× images, as described in the Materials section. A 900 μm path length
and an 80 μm cut-off wavelength were used. No significant difference between samples was observed.

Table 1. Roughness parameters obtained by stereo-SEM. Data are expressed in μm as average and
standard deviation of three measurements.

Parameter
Control HY-Coated

Description
Mean Std Mean Std

Ra 0.97 0.19 0.93 0.24 Average roughness of profile
Rq 1.26 0.29 1.23 0.34 Root-Mean-Square roughness of profile
Rt 7.96 0.77 6.87 1.13 Maximum peak to valley height of roughness profile
Rz 5.67 1.23 5.77 1.15 Mean peak to valley height of roughness profile

Rmax 7.93 0.75 6.41 0.99 Maximum peak to valley height of roughness profile within a sampling length
Rp 4.33 0.63 3.93 0.73 Maximum peak height of roughness profile
Rv 3.63 0.14 2.93 0.45 Maximum valley height of roughness profile
Rc 3.69 0.64 3.62 1.03 Mean height of profile irregularities of roughness profile

Rsm 43.22 9.69 53.77 19.90 Mean spacing of profile irregularities of roughness profile

Figure 4 shows the energy dispersive X-ray spectroscopy (EDX) spectra obtained from the two
samples. Both of them showed a very strong signal from titanium. In the case of the HY-coated implant,
small but significant peaks due to carbon and oxygen were detected as well, suggesting the presence
of an organic surface layer.

  
(a) (b) 

Figure 4. EDX spectra of control (a) and HY-coated (b) titanium implant.

2.2. X-Ray Photoelectron Spectroscopy

XPS wide-scan spectra of control and HY-coated dental implants used in the present clinical trial
are shown in Figure 5.

The control implant showed the typical composition of titanium surfaces, yielding signals due
to photoemitted electrons from core levels of the expected elements: titanium, oxygen (because
of the native titanium oxide surface layer), and carbon (due to surface adsorption of ubiquitous
carbon-containing compounds from the atmosphere and nitrogen). The overall surface composition,
reported in Table 2, was in good quantitative agreement with data from the literature. It showed
no unexpected elements or contamination, and its C/Ti ratio was indicative of excellent surface
cleanliness [7,56].
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Figure 5. X-ray photoelectron spectroscopy (XPS) wide-scan spectra of control (a) and HY-coated
(b) titanium implant.

Table 2. Surface composition (% at.) of Control and HY-coated implants.

Sample O Ti N C

Control 51.4 17.1 1.0 30.5
HY-coated 28.7 - 7.9 63.4

The XPS spectrum of the HY-coated implant, on the other hand, showed a completely
different picture. First and foremost, there was no signal from titanium at all. The only elements
detected in the nanometer-thick sampling depth probed by XPS were the basic elements of organic
chemistry—oxygen, carbon, and nitrogen. The elemental ratio reported in Table 2 was consistent
with typical polysaccharides stoichiometry, showing a high O/C ratio. Perusal of the literature
confirmed that the detected surface stoichiometry was consistent with the reported composition of
covalently-linked HY through aminated spacers [57]. Further clues were offered by the sensitivity to
the carbon chemical environment provided by the high-resolution peak of C1s photoelectrons. Figure 6
shows C1s peaks of the tested control and HY-coated dental implants.
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Figure 6. XPS high-resolution C1s peak of control (a) and HY-coated (b) titanium implant.

In the former case, the peak was relatively simple and symmetrical, confirming that it was mostly
due to C-C and C-H functionalities from adventitious hydrocarbons. The C1s peak of the HY-coated
implant was much broader and clearly contained different components. De-convolution of the C1s
peak of the HY-coated implant following general XPS practice [58] is shown in Figure 7.
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Figure 7. Curve fitting of high-resolution C1s peak of the HY-coated titanium implant by the four
components expected from the molecular structure of hyaluronan.

The experimental curve was fitted according to literature indication [59] by four components
located at 285.00 eV (C-C, C-H), 286.15 eV (C-N), 286.50 eV (C-O), and 288.10 eV (C=O, N-C=O,
and O-C=O functionalities). Peak de-convolution showed that the carbon chemical environment at the
HY-coated titanium implant surface was dominated by the carbon single bond oxygen functionality
typical of polysaccharides, and that the experimental C1s peak contained all features expected from
the molecular structure of HY. Taken together, these data convincingly showed that the outermost
nanometers of the HY-coated implant surface presented to the external environment the molecular
cues stemming from the HY repeating unit, which was a completely different chemical nature when
compared to the titanium oxide surface of the conventional control implant.

2.3. Clinical Trial

From 8 April 2013 to 17 October 2014, 106 implants were positioned in 30 patients (demographic
data in Table 3).

Table 3. Demographic data and implant location. Data in absolute values and (%).

Demographic Data Total HY C

Males 21 (70)
Females 9 (30)

Patients mean age 59.8 ± 10.6

Implant location

Anterior maxilla 18 (17.0) 9 (16.4) 9 (17.6)
Posterior maxilla 41 (38.7) 24 (43.6) 17 (33.3)

Anterior mandibula 10 (9.4) 5 (9.0) 5 (9.8)
Posterior mandibula 37 (34.9) 17 (30.9) 20 (39.2)
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During surgery, no differences were observed in regards to the insertion and stability between the
two types of implants (test and control), nor were differences observed in the post-operative visits in
regards to the indices of inflammation and wound healing. The healing was uneventful in all of the
patients in the variability of the surgical situation, and no adverse events whatsoever were recorded.
Only 102 implants in 29 subjects out of the 106 implanted were loaded and taken as baselines for
X-ray values (mesial and distal). Two implants (one control and one HY coated) in two different
patients failed and were removed. In both cases, the mucosa appeared edematous and bleeding,
indicating signs of an infection. In one case, the implant was not replaced, and since no matching
controls were available, the subject (Subject N◦34) was excluded from the efficacy analysis. In the
second subject, the failed implant was relocated in the same place after two months, reaching healing
and tissue stabilization. Therefore, the subject was maintained in the statistics. One subject with two
implants (one control and one HA) dropped out between the 12 months and the 18 months follow up
visits due to a desire for pregnancy and therefore the unethical use of X-ray procedures. Results are
summarized in Table 4.

Table 4. Bone resorption.

Time Points
HY C p

(between-Group)
95% Confidence Interval

n Mean ± sd n Mean ± sd Min Max

Mesial
3 51 0.55 ± 0.46 47 0.51 ± 0.65 0.64 −0.24 0.55
6 24 0.72 ± 0.38 20 0.65 ± 0.39 0.58 −0.30 0.17
12 35 0.83 ± 0.61 35 0.66 ± 0.58 0.25 −0.45 0.12
18 16 0.65 ± 0.63 17 0.36 ± 0.43 0.14 −0.67 0.10
24 34 0.80 ± 0.87 32 0.50 ± 0.57 0.10 −0.66 0.06
36 21 0.55 ± 0.40 19 0.32 ± 0.36 0.06 −0.47 0.01

Distal
3 51 0.71 ± 0.60 47 0.70 ± 0.62 0.97 −0.25 0.24
6 24 0.77 ± 0.60 20 0.93 ± 0.46 0.30 −0.15 0.49
12 35 0.83 ± 0.63 35 0.85 ± 0.60 0.90 −0.28 0.31
18 16 0.72 ± 0.53 17 0.47 ± 0.45 0.16 −0.59 0.11
24 34 0.76 ± 0.42 32 0.63 ± 0.62 0.33 −0.39 0.14
36 21 0.62 ± 0.53 19 0.55 ± 0.62 0.70 −0.44 0.30

Time points: months; n: number of implants; mean ± standard deviation (sd) expressed in mm.

The non-inferiority analysis did not show any significant differences between the HY- and the
control- in terms of mesial and distal bone resorption at any time point.

3. Discussion

In the present clinical trial, a widely adopted microrough titanium surface and the same surface
further modified by a covalently-linked nanolayer of hyaluronan were compared in terms of clinical
success in routine clinical practice.

Analytical data confirmed the exquisitely superficial nature of the surface modification process
that was adopted. The analytical signal captured in EDX analysis stemmed from a surface volume
that was a few micrometers deep [60]. Thus, within the EDX sampling depth, the signal by the
nanometers-thick HY surface layer was diluted within the micrometer-thick analytical layer, and the
resulting spectrum contained convoluted contributions from the underlying Ti implant and the
overlying HY molecules in roughly a 1000:1 ratio. As a consequence, the elements composing the
surface layer were barely detectable. For this reason, a more surface-sensitive analytical technique,
namely XPS, was conducted to fully appreciate the biomolecular modification of the HY-coated
implants. Contrary to EDX analysis, the physics of photoelectrons escaped from solids endowed XPS
with just a few nanometers of sampling depth, consequently providing chemical information on the
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outermost atomic layers of materials [58]. For this reason, XPS was extensively used in the surface
analysis of dental implants [7,61–63].

Despite the widely different surface chemistry, objective optimal healing was observed for both
groups, and no differences were detected in the clinical outcome for all tested parameters. Far from
being uneventful, the described results suggested some important reflections. From a chemical-physical
point of view, it would be difficult to imagine two more different surface structures—the titanium
surface (in particular, the outermost few nanometers of oxidized titanium) presented a hard,
impervious interface to the host tissue, whose chemical behavior was controlled by titanium oxide
interfacial chemistry, as widely described in many scientific papers [7,8,61]. On the contrary,
the HY-coated implant aqueous interface was diffuse, soft, and hydrated [64]. Its chemistry stemmed
from the molecular details of the N-acetyl-D-glucosamine-D-glucuronate repeating unit. Shortly, one of
them (the control arm) belonged to inorganic chemistry. The HY-coated surface belonged instead to
organic biomacromolecular chemistry. Despite being two worlds apart, no significant difference was
detected in the tested clinical variables, and both of them led to successful osseointegration and clinical
success. The first significant reflection from the data of the present work is that the titanium surface
chemistry is not necessary to achieve a clinically satisfactory load-bearing capacity by a titanium
dental implant.

The previous point could be interpreted as a no-effect of surface chemistry on osseointegration.
As long as the implant surface is inert and no disturbance is introduced in the bone healing
mechanism—that is, as long as no toxic or irritating compounds are released in the evolving new bone
matrix independent from specific details of surface chemistry—clinically effective osseointegration
will occur. If this is the case, no advancement is expected by BMTiS over conventional surfaces, and the
sole opportunity to direct tissue response is through surface topography.

The last sentence falls short when compared to existing scientific evidence gathered from animal
data, which shows direct effects of interfacial chemistry on bone healing in terms of peri-implant
bone volume, bone to implant contact, or gene expression by peri-implant bone cells [35,53,65,66].
In the present clinical trial, a patient’s selection and surgery addressed comparatively routine clinical
practice. The control arm, involving a state-of-the-art doubly acid etched microrough surface,
obviously provided optimal healing and clinical success. Endpoint variables aimed at general clinical
evidence expectedly confirmed that both the well-known titanium interfacial chemistry and the
biologically relevant HY molecular cued direct cellular events involved with peri-implant tissue
healing towards proper clinical response.

HY is a key molecule in many tissue regeneration processes; it is involved with most of
the mammalian cells’ healing mechanisms [67–69] in a concentration and size-dependent way.
The permanent linking of HY to materials surfaces avoids quick wash-off of the water soluble HY and
aims at providing these regenerative properties at the peri-implant interface, as confirmed by several
in vivo evidences. It is not clear yet how surface-immobilized HY compares with HY in solution in
terms of the effect of the hindered conformational freedom on the multiple ligand-receptor interactions
required to trigger a biological response [40]. It would be of interest to check the stimulation of bone
tissue regeneration at machined interfaces of hybrid implants, the effect on soft tissue healing in the
transmucosal section of tissue level implants, or the control of inflammatory responses of periodontal
patients [70] and relevant clinical implications. The positive evidence supplied by the present clinical
trial in standard practice opens the path to comprehensive investigation of the merits of BMTiS in
clinical implantology by further finely-targeted clinical trials.

A last observation involves the relationship of present results with in vitro investigation of
dental implant surfaces. A widely adopted approach involves the “adhesion and growth” paradigm,
meaning that prospective surface structures are screened in terms of effects on adhesion and growth of
osteoblast cells—the faster and more extensive the surface colonization by cells, the better the properties.
Against this view, HY-coated surfaces are notoriously anti-adhesive in vitro [64,71], meaning that they
prevent cell adhesion of a number of cell lines, including osteoblasts. Several applications of HY-coated
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surfaces are based on tissue-anti-adhesive properties. In vitro tests of present clinically successful
HY-coated implants would provide unsatisfactory results if judged according to the “adhesion and
growth” paradigm. Yet, clinical evidence as supplied by the present trial indicates that they are fit for
the intended use. Far from being inconsistent, this evidence simply indicates the complexity of the
peri-implant environment as opposed to the comparatively simple biological environment of in vitro
tests. In clinics, osteoblasts do not adhere and grow onto the implant surface. Rather, they come to a
complex peri-implant milieu after the blood clot and relevant blood cells, inflammatory cells, and the
sequela of cytokine and growth factors are released in the initial stage of inflammation and healing [72].
Rather than the direct effect of the interfacial HY (or of any surface-linked biomolecular layer) on
osteoblasts, it is the effect of molecular signaling on the evolution of the peri-implant biochemical
environment that directs clinical outcome and that holds the potential merits of BMTiS in clinics.

In summary, the clinical trial did not record any significant difference between the HY- and the
C-group in terms of clinical success and marginal bone resorption. In the present study, for the first
time in clinics (to the author’s knowledge), dental implants with a biomolecular nanolayer on the
surface showed a behavior similar to the commercial pure titanium one. This study presents the limits
to having a follow up limited to 36 months. The duration of the follow up was chosen because in this
span of time, the HY layer should be completely integrated within the newly formed interfacial
tissue. Further studies should be conducted to evaluate the long-term success of HY-implants.
Present data build up the ethical basis for the investigation into the merits of HY-coated implants in
more challenging and compromised cases where signaling and regenerative properties encoded within
the HY molecular structure could play a role that is presently not supplied by the comparatively rough
titanium surface chemistry.

4. Materials and Methods

4.1. Titanium Implant

The fixture used in the clinical trial was a CE marked titanium grade 4, internal hexagon,
doubly acid etched implant (Ornaghi Luigi & C, Brugherio, Italy). The implant fixture was further
coated by covalently-linked HY by Nobil Bio Ricerche (Nobil Bio Ricerche srl, Portacomaro, Italy)
through a proprietary process, as described in the Results section. Covalent-linking prevented the rapid
wash-off of the water-soluble HY molecules, degradation by hyaluronidase, and release. The thickness
of the coating, as discussed in the following sections, was a few nanometers and did not modify the
nominal dimensions. The control was the same implant not coated with covalently-linked HY.

4.2. Surface Characterization

4.2.1. Scanning Electron Microscopy

The surface topography of the implants was evaluated by SEM. Analysis was conducted using an
EVO MA 10 SEM (Carl Zeiss Microscopy GmbH, Jena, Germany). The electron acceleration voltage
was maintained at 20 kV with the working distance between 10 and 12.5 mm. These parameters are
reported in the images, along with level of magnification (MAG) and the kind of detector utilized
(Signal A = SE1 or CZ BSD).

Images were acquired in both conventional mode (Signal A = SE1) and in backscattered electron
mode (Signal A = CZ BSD), allowing improved contrast between different chemical elements.

Roughness was evaluated quantitatively by stereo-SEM (SSEM) using dedicated software to
convert conventional SEM images into three-dimensional data (Mex 6.0, Alicona Imaging, Raaba/Graz,
Austria). A stereo-pair was built by the acquisition of the same field of view at zero and after
five degrees of eccentric tilting. Following the principles of stereoscopic vision, the stereo pair
was transformed into a three-dimensional reconstruction of the surface by the quoted software,
providing height profiles values used as input data for the calculation of roughness parameters
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according to ISO 4287. The stereo-pairs were built from 2000× images taken from three randomly
selected areas for each implant.

4.2.2. X-ray Photoelectron Spectroscopy (XPS)

XPS analysis was performed using a Perkin Elmer PHI 5600 ESCA system (PerkinElmer Inc.,
Waltham, MA, USA). The instrument was equipped with a monochromatized Al anode operating at
10 kV and 200 W. The diameter of the analyzed spot was approximately 500 micrometers, and the
analyzed depth was about 5 nanometers. The base pressure was maintained at 10–8 Pa. The angle
between the electron analyzer and the sample surface was 45◦. Analysis was performed by acquiring a
wide-range survey spectra (0–1000 eV binding energy) and detailed high-resolution peaks of relevant
elements. Quantification of elements was accomplished using the software and sensitivity factors
supplied by the manufacturer. High-resolution C1s peaks were acquired using pass energy of 11.75 eV
and a resolution of 0.100 eV/step.

4.3. Clinical Trial

The study “Blind Comparison of Covalently-Linked Hyaluronan versus Control-Dental Implants
in a Randomized Crossover Clinical Investigation” is a post market clinical follow-up according to
MEDDEV 2.12-2 rev 2 January 2012 conducted at the Dental Service, Department of Clinical, Surgical,
Diagnostic, and Pediatric Sciences, University of Pavia, Pavia, Italy. The clinical trial was conducted
according to the ISO 14155-11 and the Good Clinical Practice Guidelines (GCP). The study was carried
out following the rules of the Declaration of Helsinki, as revised in 2013 and approved by the Ethical
Committee of the University of Pavia on 13 December 2012. On 28 February 2013, the initiation of
the study was communicated to the Italian Ministry of Health with the reference number 000017.
All subjects gave their informed consent for inclusion before they participated in the study. The primary
objective of this non-inferiority, crossover, fixed-size, and single-center trial was to assess the dental
implant success (survival rate) of HA coating implants in comparison with control implants at one year.
The secondary objective was to assess marginal bone resorption of HA coating implants in respect to
traditional titanium implants measured at 3, 6, 12, 18, 24, and 36 months. To test the non-inferiority
hypothesis of the HY-coated implant in respect to control implants, the null hypothesis was that the
HY-coated implant resulted in a lower survival rate and a higher marginal bone loss in respect to
the control implant. The P level of significance was set at 0.05. Patients with bilateral partial or full
edentulism requiring implant rehabilitation were enrolled; inclusion and exclusion criteria are shown
in Tables 5 and 6.

Table 5. Criteria for inclusion in the clinical trial.

Inclusion Criteria

Over 18 years of age;
Bilateral loss of one or more molars and bicuspids and/or bilateral loss of anterior teeth and the need for

more than one implant in the same rehabilitation;
Edentulousness of both upper or lower jaw with need of at least 2 bilateral implants to stabilize a denture

or to support a fixed prosthesis;
In general good health condition and with physical ability to tolerate surgical and prosthetic procedure

(ASA 1 and 2);
Good plaque control and oral hygiene;
The subject who agree to return to the center for follow-up.
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Table 6. Criteria for exclusion from the clinical trial.

Exclusion Criteria

Active infection or severe inflammation or suspected lesions in the areas intended for implant installation;
Diabetes (regardless of control);
Need for concomitant bone grafting and/or having less than 1 mm bone available at the buccal, lingual,

and apical aspects of the implant. Less than 3 mm distance between implant and other dentition;
Under treatment and/or within the past 12 months with radiotherapy to the head or chemotherapy;
Suspected hypersensitivity and/or contraindication to any ingredients of the Investigational Device

(ID)/Control ID;
Subjects under any study medication treatment in the last 30 days;
Pregnancy, breast feeding, oocyte donation, or oocyte implantation planned during the study;
Subjects not able to follow study procedures, e.g., language problems, psychological disorders;
Clinically relevant abnormal laboratory values suggesting an unknown disease and requiring further

clinical evaluation (as assessed by the investigators);
Female subjects of childbearing potential, not using and not willing to continue using a medically reliable

method of contraception for the entire study duration;
Any other untoward medical condition that could interfere with the participation of the subject in the trial.

In this study, concealment and randomization were implemented centrally by an operator (G.O.)
unrelated to the surgical team, to the clinical examiner, and to the statistician. After manufacturing,
implants were packaged in consecutively numbered boxes. Each box contained six implants, three with
the HY surface (marked with A or B) and three with the control surface (marked with B if the HY
implants were marked with A, or marked with A on the contrary). All of the implants were 4 mm in
diameter and were 8, 10, and 12 mm long. The two surfaces were macroscopically indistinguishable.
The assignation of the label (A or B) to the surfaces was randomly assigned in each box by a
computer random number generator. Data were communicated to the statistician, omitting the
surface characteristic. The list of randomization was concealed until after statistical analysis was
concluded. Due to the split-mouth design of the study and the randomization process, the allocation
ratio was 1:1. No block restrictions were applied.

4.3.1. Surgical Procedure

During surgery, implant(s) with one surface were placed in one side of the mouth and implant(s)
with the other surface were placed in the other side of the mouth. When a patient required placement
of the number of implants equal in both sides of the mouth, each couple of implants came out from a
different box. When the number of implants required in one side of the mouth was greater than the
other side, implants were chosen among those available in the opened boxes. If the odd implants were
not available in the opened boxes, no experimental implants were positioned. This procedure was
implemented after protocol approval because the surgical team signaled the problem of re-operating in
patients with a different number of edentulous sites in the two sides of the mouth. Even though it was
not necessary because randomization was implemented before surgery, the implant label choice for
the sides of the mouth was randomized by a coin toss. The surgical protocol of installing the implants
was well documented and consisted of a full thickness mucosal flap elevation, the preparation of
the implant site, the installation of the implant with the prosthetic platform (that is, the edge of the
collar) at the level of the bone crest, the positioning of the surgical cover screw, and the closing of the
flap with sutures [73–80]. The surgery was done under coverage of antibiotics (2 g of amoxicillin and
clavulanic acid per os one hour before surgery, followed by administration of 1 g after 6 and 18 h).
The post-operative instructions indicated rinses with chlorhexidine 0.12% × three times a day from
the day after surgery and for 30 days and control of the pain with anti-inflammatory drugs as needed.
The removal of the sutures was carried out from the tenth to the fourteenth day.

The second stage of surgery was conducted after two months, both in the mandibular and in
the maxillary arch. After about two weeks, the operator proceeded with the prosthesis installation.
During follow-up visits, normal hygienic procedures were carried out when needed [81].
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4.3.2. Investigation Hypothesis or Pass/Fall Criteria

The primary objective of the present study was to assess the success of HY coated implants
in comparison with control implants after one year. The implant is considered successful (primary
endpoints) if: (A) the implant is still present without any sign of mobility and (B) there is no evidence
of radiolucency by means of periapical X-rays and (C) there is no clinical sign of peri-implantitis.
The secondary objective of the present study was to demonstrate a non-inferiority of the HY-coated
implants compared to the control implants considering the marginal bone resorption parameter. To do
this, the null hypothesis is that control implants demonstrate an inferior crestal bone resorption in
respect to HY coated implants.

Sample Size Calculation

The sample size was estimated based on the crestal bone level at 12 months post implant.
Since the objective of this study was the non-inferiority of the investigational device (ID) compared

to the Control ID in a crossover design from data published by Mumcu [82], inferior limits for the
Control ID were estimated.

Practically, from pooling data reported in Table 1 of Mumcu and Coll., an inferior limit of 0.7 mm
was estimated and considered clinically appropriate. This implies that if the lower bond of the
95% confidence interval for the estimated difference in crestal bone level between implants is above
−0.7 mm, then the ID is considered non-inferior to the Control ID.

Sample size was calculated under the following assumptions:

• Lower limits in difference between implants: −0.70 mm (Δ)
• Hypothesis testing:
• H0: μControl ID- μID ≤ Δ
• H1: μControl ID- μID > Δ (ID implant is non-inferior with respect to the mean response)
• α level of probability: 0.025 for one-sided test
• 1-β (power) level: 90% for a conservative approach
• Standard deviation for mean difference: 0.66, which corresponded to 80% of the pooled mean

calculated from Mumcu (0.83 mm). In this estimate, it was considered that the ID presented
on the crestal bone level a greater variability in respect to the Control ID and that reported in
the publication.

By applying the formula reported in Julius [83] for non-inferiority trials in crossover design:

n =
2σ2

(
Z(1−β) + Z(1−α)

)2

((μControl ID − μID)− d)2

18 evaluable subjects are needed to demonstrate the non-inferiority of the ID in respect to the
Control ID. Considering that a couple of devices are implanted into each subject, we need to have at
least 18 implant pairs in order to reach the trial primary objective.

5. Conclusions

The clinical trial “Blind Comparison of Covalently-Linked Hyaluronan versus Control-Dental
Implants in a Randomized Crossover Clinical Investigation” evaluated clinical success up to 36 months
with HY-coated dental implants compared to the control—uncoated microrough Ti grade 4 implants.
Results showed a lack of differences between the two arms of the study. Both of them provided
optimal healing.

Substitution of the clinically accepted and consolidated titanium surface chemistry with the
molecular structure of HY and ensuing interfacial interactions results in a satisfactory clinical outcome.
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Abstract: Drug repositioning promises the advantages of reducing costs and expediting approval
schedules. An induction of the anesthetic and sedative drug; midazolam (MDZ), regulates inhibitory
neurotransmitters in the vertebrate nervous system. In this study we show the potential for drug
repositioning of MDZ for dentin regeneration. A porcine dental pulp-derived cell line (PPU-7)
that we established was cultured in MDZ-only, the combination of MDZ with bone morphogenetic
protein 2, and the combination of MDZ with transforming growth factor-beta 1. The differentiation
of PPU-7 into odontoblasts was investigated at the cell biological and genetic level. Mineralized
nodules formed in PPU-7 were characterized at the protein and crystal engineering levels. The
MDZ-only treatment enhanced the alkaline phosphatase activity and mRNA levels of odontoblast
differentiation marker genes, and precipitated nodule formation containing a dentin-specific protein
(dentin phosphoprotein). The nodules consisted of randomly oriented hydroxyapatite nanorods
and nanoparticles. The morphology, orientation, and chemical composition of the hydroxyapatite
crystals were similar to those of hydroxyapatite that had transformed from amorphous calcium
phosphate nanoparticles, as well as the hydroxyapatite in human molar dentin. Our investigation
showed that a combination of MDZ and PPU-7 cells possesses high potential of drug repositioning
for dentin regeneration.

Keywords: drug repositioning; cell; dentin; hydroxyapatite; nanorod; nanoparticle

1. Introduction

Tissue engineering is a multidisciplinary science. Applications of tissue engineering are founded
on three components; a cell source, a scaffold, and bioactive molecules. In the field of dental tissue
engineering, various soft and hard dental tissues have been regenerated in vitro using stem cells [1].
Dental pulp stem cells (DPSCs) have been isolated with various techniques and used for studies related to
the cell differentiation potential and scaffolding for tissue regeneration [2,3]. DPSCs can differentiate into
multiple cell types, including odontogenic and osteogenic cells, osteocytes, chondrocytes, vascular cells,
neurons, and hepatocytes. In addition, DPSCs are used to generate induced pluripotent stem (iPS) cells.
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In the dental research field, dental pulp-derived cells that express alkaline phosphatase (ALP) and
odontoblastic marker genes, and that form precipitated nodules when cultured in a medium containing
β-glycerophosphate and ascorbic acid, are generally assumed to be differentiated odontoblast-like
cells. A number of odontoblastic cell lines have been established from rat [4,5], mouse [6], cattle [7],
pig [8], and human [9,10] dental pulp tissues. Odontoblastic differentiation is induced by many factors,
which are associated with ectoderm–mesenchyme molecular interactions. Various factors participate
in the regulation of dental pulp cell differentiation, such as bone morphogenetic protein (BMP) [11,12],
fibroblast growth factors (FGF) [13], and transforming growth factor beta (TGF-β) [14,15].

Drug repositioning is when new therapeutic applications are identified for existing drugs. In
addition to the studies on dental pulp cells expressing cytokines, such as BMP, FGF, and TGF-β,
existing drugs for treating Alzheimer’s disease have been reported to promote dentin regeneration [16].
In Japan, Alzheimer’s drugs such as donepezil hydrochloride (Aricept) have been widely used as
acetylcholinesterase inhibitors that prevents acetylcholine, an excitatory neurotransmitter in the
vertebrate nervous system. This study focuses on repositioning midazolam (MDZ), which controls
gamma-aminobutyric acid (GABA), the principal inhibitory neurotransmitter in the mammalian central
nervous system. Midazolam (MDZ) is a chemically synthesized imidazobenzodiazepine derivative
that possesses pharmacological effects as a hypnotic, sedative, and anesthetic, has anti-anxiety and
anticonvulsant properties, and acts as muscle relaxant [17]. In the dental field, MDZ has been
used mainly as a sedative prior to dental anesthesia. The intravenous MDZ formulation has been
recommended as a first-line drug for treating convulsive status epilepticus [18]. Intravenous MDZ
has not been approved to treat status epilepticus in most countries, but it has been used off-label
for patients in Japan. In tumor and cancer cells, MDZ induces cellular apoptosis by regulating the
caspase pathways, endoplasmic reticulum stress, autophagy, and the cell cycle [19–22]. Few studies
have focused on the effect of MDZ on dental pulp cells, although an in vitro study using human
mesenchymal stem cells (hMSCs) has shown that MDZ inhibits ALP activity and calcium deposition
in hMSCs, suggesting a suppressive effect on osteogenic differentiation [23]. In this study, using dental
pulp cells, we examine the potential for drug repositioning of MDZ for dentin regeneration at the cell
biological, genetic, protein, and crystal engineering levels.

2. Results

2.1. Combined Effect of MDZ with BMP2 or TGF-β1 on Differentiation of the PPU-7 Cell Line

MDZ is a short-acting benzodiazepine derivative with an imidazole structure and a molecular
weight of 325.77 g/mol (Figure 1a). To investigate the effect of MDZ on dentin regeneration, we
used a porcine animal model to establish dental pulp-derived cell lines (PPU) and ultimately selected
the PPU-7 cell line for the present study (see Figures S1–S3). Because alkaline phosphatase (ALP) is
considered the initial marker for the differentiation of mesenchymal cells into hard tissue-forming
cells such as osteoblasts or odontoblasts [24,25], we investigated the effects of MDZ on ALP activity in
the PPU-7 cell line by using a quantitative colorimetric method with a p-nitrophenylphosphate as the
substrate and examined the combination of MDZ (0-10 μM) with a recombinant human BMP2 (rhBMP2)
(500 ng/mL) or a recombinant human TGF-β1 (rhTGF-β1) (1 ng/mL) (Figure 1b). When the ALP
activity level of the control (i.e., 0 μM MDZ, 0 ng/mL rhBMP2, 0 ng/mL rhTGF-β1) was set at 1.0, the
addition of MDZ-only significantly enhanced ALP activity in PPU-7 cells in a concentration-dependent
manner, especially the ALP activity at 10 μM MDZ (i.e., 10 μM MDZ, 0 ng/mL rhBMP2, 0 ng/mL
rhTGF-β1), which was 1.75-fold higher than the control. BMP2-only (i.e., 0 μM MDZ, 500 ng/mL
rhBMP2, 0 ng/mL rhTGF-β1) and TGF-β1-only (i.e., 0 μM MDZ, 0 ng/mL rhBMP2, 1 ng/mL rhTGF-β1)
also slightly or significantly enhanced the ALP activity. The combination of rhBMP2 or rhTGF-β1
with MDZ (MDZ and BMP2 or MDZ and TGF-β1) (5 or 10 μM) slightly increased ALP activity
(1.14–1.27-fold for MDZ and BMP2, and 1.28–1.29-fold for MDZ and TGF-β1) compared to the control.
ALP staining for the mineral-induced PPU-7 cells displayed blue colored staining images (Figure 1c).
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The cells were densely distributed on the plate of MDZ-only, whereas the combinations of MDZ and
BMP2 as well as MDZ and TGF-β1 displayed a low density.

Figure 1. Combined effect of midazolam (MDZ) with bone morphogenetic protein 2 (BMP2) or
transforming growth factor beta 1 (TGF-β1) on alkaline phosphatase (ALP) activity in the porcine
dental pulp-derived (PPU-7) cell line. (a) Structure of MDZ. (b) ALP-inducing activity of midazolam
without BMP2 or TGF-β1 (MDZ-only), midazolam with BMP2 (MDZ and BMP2) and midazolam with
TGF-β1 (MDZ and TGF-β1) in PPU-7 cells. ALP activities are indicated as increasing or decreasing
ratios relative to the level of the control (i.e., 0 μM MDZ, 0 ng/mL BMP2, 0 ng/mL TGF-β1), which was
set at 1 (dotted line). Values are the means ± standard error of six culture wells. Significant differences
are indicated by an asterisk (* p < 0.05, Steel’s test) or a dagger († p < 0.05, Mann–Whitney U-test).
(c) ALP staining for PPU-7 cells cultured with MDZ-only, MDZ and BMP2, MDZ and TGF-β1 (Scale
bar: 200 μm).

2.2. Effect of MDZ on Temporal Changes in Gene Expression of PPU-7 Cell Line

Since the MDZ-only treatment was more effective in enhancing ALP activity and inducing
mineralization in PPU-7 cells than the combination treatment of MDZ with BMP2 or TGF-β1, we
investigated the effect of MDZ-only on gene expression in the PPU-7 cell line. The gene expression of a
panel of odontoblastic, osteoblastic and chondrocytic markers in PPU-7 cells at one and seven days
after MDZ treatment was analyzed by quantitative polymerase chain reaction (qPCR) (Figure 2). For
odontoblastic markers (Figure 2a), we quantified the mRNA expression levels of matrix metalloprotease
2 (MMP2) and two products from the full-length DSPP transcript: a segment containing the dentin
glycoprotein and dentin phosphoprotein (DGP and DPP) coding region (DSPP-v1) and a smaller
segment specific for the dentin sialoprotein (DSP)-only transcript (DSPP-v2). At day one, the expression
levels of MMP2, DSPP-v1, and DSPP-v2 in cells cultured with MDZ were not significantly different
from those in cells cultured without MDZ. In contrast, at day seven, the three mRNA expression
levels in cells cultured with MDZ were significantly higher (3.8-fold for MMP2, 1.67-fold for DSPP-v1,
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and 2.2-fold for DSPP-v2) than those in cells cultured without MDZ. We also amplified osteocalcin
(OC) and runt-related transcription factor 2 (RUNX2) as osteoblastic markers (Figure 2b) and type II
collagen (Col II) and aggrecan (ACAN) as chondrocytic markers (Figure 2c). There were no significant
differences in the four mRNA expression levels between cells cultured with and without MDZ at
either day one or day seven. We interpret these findings as evidence that MDZ is required for the
differentiation of PPU-7 cells into odontoblasts.

Figure 2. Effect of MDZ on temporal changes in gene expression of the PPU-7 cell line. The
mRNA expression by quantitative polymerase chain reaction (qPCR) analysis of (a) odontoblastic
differentiation markers, i.e., DSPP-variant 1 (DSPP-v1), DSPP-variant 2 (DSPP-v2) and matrix
metalloprotease 2 (MMP2); (b) osteoblastic differentiation markers, i.e., osteocalcin (OC) and
runt-related transcription factor 2 (RUNX2); and (c) chondrogenic differentiation markers, i.e., type
II collagen (Col II) and aggrecan (ACAN). Each ratio was normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as a reference gene, and the relative quantification data of DSPP-v1, DSPP-v2,
MMP2, OC, RUNX2, Col II and ACAN in PPU-7 cell line were generated on the basis of a mathematical
model for relative quantification in a qPCR system. Values are the means ± standard error of six culture
wells. The asterisk (*) on the bar graph indicates a significant difference (p < 0.05, Steel’s test) between
day one and day seven. The double asterisk (**) on the bar graph indicates a significant difference
(p < 0.05, Mann–Whitney U-test) between cells cultured with and without MDZ.
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2.3. Effect of MDZ on Mineralization Induction of the PPU-7 Cell Line

To obtain additional information about the effect of MDZ on mineralization inducibility, we
cultured PPU-7 cells in a mineralization-inducing culture medium (Figure 3). The nodule formation
and mineralization capacities of the cells were assessed with both Alizarin Red S and von Kossa
staining (Figure 3a). At seven days following mineralization induction, in contrast to that of the cells
not subjected to mineralization induction, the plate of the cells cultured in mineralization-inducing
culture medium clearly displayed precipitated nodules by both staining methods, regardless of the
addition of MDZ.

We also quantitatively analyzed the calcium content in PPU-7 cells (Figure 3b). At five days
following mineralization induction, relative to the control cells without MDZ (i.e., no MDZ), the
cells administered with MDZ-only displayed a dramatically increased amount of calcium deposition
(approximately 2.0-fold).

Figure 3. Effect of MDZ on nodule formation in the PPU-7 cell line. Nodule cultures were stained with
(a) Alizarin Red S (left) and von Kossa (right) staining on day seven. In contrast to PPU-7 cells not
subjected to mineralization induction, PPU-7 cells cultured in mineralization-inducing culture media
clearly exhibited nodule formation regardless of the addition of MDZ. (b) Calcium contents in PPU-7
cells were determined on day five after the mineralization induction. Values are the means ± standard
error of six culture wells. The asterisk (*) on the bar graph indicates a significant difference (p < 0.05,
Mann–Whitney U-test) between the cells incubated with and without MDZ. Std. Med.: Standard
culture medium, Miner. Med.: Mineralization-inducing culture medium.

2.4. Detection of DPP in Precipitated Nodules from PPU-7 Cells

We attempted to detect a dentin-specific protein, dentin phosphoprotein (DPP), in precipitated
nodules induced by MDZ treatment in the PPU-7 cell line at the protein level. The precipitated
nodules in PPU-7 cells were subjected to a series of three extractions: With a tris-guanidine
buffer (G1), with hydrochloric acid–formic acid solution (HF), and with tris-guanidine buffer
again (G2). These extractions yielded three fractions, the G1, HF, and G2 extracts, which were
analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) stained with SimplyBlue SafeStain
(Figure 4a) and Stains-all stain (Figure 4b). In the G2 fraction obtained from PPU-7 cells incubated
in mineralization-inducing culture medium, Stains-all-positive DPP doublet bands were observed at
approximately 100 kDa by SDS-PAGE (Figure 4b, lanes 8 and 9). The addition of MDZ increased the
intensity of the DPP doublets bands (Figure 4b, lane 8), whereas no DPP bands were detected in the
extracts from PPU-7 cells cultured with the standard medium (Figure 4b, lane 7).
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Figure 4. Sequential extraction of proteins from precipitated nodules induced by PPU-7 cells.
Precipitated nodules formed in PPU-7 cells cultured in mineralization-inducing culture medium with
(MDZ(+)) or without (MDZ(−)) MDZ were sequentially extracted by tris-guanidine (G1 extraction),
formic acid–HCl (HF extraction) and tris-guanidine again (G2 extraction). The PPU-7 cells cultured
with only standard medium were also extracted as a control. Analysis of the G1, HF, and G2 extracts
by 5–20% gradient SDS-PAGE were stained with (a) SimplyBlue SafeStain and (b) Stains-all stain.
Dentin phosphoprotein (DPP) doublet bands in lanes 5, 6, 8, 9, and 10 detected by Stains-all staining
are indicated with a red arrow. Lanes 1, 4 and 7: Control; lanes 2, 5 and 8: MDZ(+); lanes 3, 6 and
9: MDZ(-); lane 10: DPP purified from porcine dentin. M: Molecular weight marker (SeeBlue Plus2
Pre-Stained standard).

2.5. X-ray Diffraction (XRD) Patterns of Precipitated Nodules

Based on all the above results, we further characterized the precipitated nodules from PPU-7
cells at the crystal engineering level. Figure 5a shows microbeam XRD patterns for samples grown
with (magenta curve) and without (blue curve) MDZ in the culture solution. The pattern for a cell
sheet (green curve) is shown only for reference. The cell sheet exhibited a broad intense peak at
approximately 2θ = 10◦, which tailed to higher 2θ values. Peaks attributed to the precipitates appeared
at 2θ = 26.0, 28.7, and 32.0◦ (black circles); they were independent of the presence or absence of MDZ.
The entire XRD pattern of the precipitates from the solution with MDZ was the same as that of the
precipitates from the solution without MDZ, signifying that MDZ did not affect the kind of phase
precipitated. The peak widths in the precipitate patterns were broad, indicating low crystallinity
and/or small crystallites. Figure 5b–e shows ideal XRD patterns for dicalcium phosphate dihydrate
(CaHPO4·2H2O; DCPD) (b), octacalcium phosphate (Ca8(HPO4)2(PO4)4·5H2O; OCP) (c), β-tricalcium
phosphate (β-Ca3(PO4)2; β-TCP) (d), and hydroxyapatite (Ca10(PO4)6(OH)2; HAP) (e), which were
derived using the 2θ versus diffraction–intensity relationships in the corresponding Joint Committee
on Powder Diffraction Standards (JCPDS) cards. The asterisks indicate the particular peaks used to
identify each calcium phosphate phase. The XRD patterns of the precipitates did not show these
particular peaks; however, the profile from 2θ = 25 to 35◦ resembled those for OCP and HAP.
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Figure 5. (a) Microbeam XRD patterns for samples grown with (magenta curve) and without (blue
curve) MDZ in culture solution and for a cell sheet (green curve) for reference. Peaks attributed to the
precipitates are indicated by black circles; spike peaks attributed to damage to the imaging plate are
indicated by arrows. Ideal XRD patterns for (b) dicalcium phosphate dihydrate (DCPD), (c) octacalcium
phosphate (OCP), (d) β-tricalcium phosphate (β-TCP), and (e) hydroxyapatite (HAP) derived using 2θ
versus diffraction–intensity relationships in the corresponding JCPDS cards. The peaks used to identify
each calcium phosphate phase are indicated by asterisks.

2.6. Scanning Electron Microscopy (SEM) Observations of Precipitated Nodules

A macroscopic SEM image of a cross-sectional sample (Figure 6a) showed that the morphology of
the precipitates was not uniform. Both irregularly (white arrow) and regularly shaped precipitates (i.e.,
μm-scale precipitates with a ball-like appearance, yellow arrows) were observed. A magnified image
of a region with these ball-like precipitates (Figure 6b) showed that they consisted of aggregated
nanoparticles. The size of each nanoparticle was approximately 50 nm or less. The isotropic
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morphology of the elementary particles made it difficult to ascertain the phase of the calcium phosphate,
so the precipitates were observed using TEM.

Figure 6. SEM images of a cross-sectional sample. (a) Low-magnification image showing irregularly
shaped precipitates (white arrow) and ball-like ones (yellow arrows). (b) High-magnification images of
ball-like precipitate showing nanoparticles sized approximately 50 nm.

2.7. Transmission Electron Microscopy (TEM) Observation and Selected-Area Electron Diffraction (SAED)
Measurement of Precipitated Nodules in a Wide Area

A macroscopic TEM image of a microtome-cut section (Figure 7a) showed an irregularly shaped
powder-like precipitate. A higher magnification image (Figure 7b) of the precipitate revealed that it
consisted of nanorods (light blue arrows) and bulky materials (black arrows). These nanorods were
not observed in the SEM image, probably because of their limited width (less than 10 nm).

Figure 7. Wide-area TEM images of precipitates. (a) Low-magnification image of a microtome-cut
sample. The dotted line shows the boundary between the cell sheet and precipitate region.
(b) High-magnification image of precipitates. Many nanorods (light blue arrows) and bulky materials
(black arrows) were observed. (c) Selected-Area Electron Diffraction (SAED) pattern measured at
800 nm φ. Two Debye rings (low and high intensities) were observed.

The Selected-Area Electron Diffraction (SAED) pattern of the precipitates measured at 800 nm φ

showed two Debye rings (Figure 7c), indicating that the crystals in the precipitates were randomly
oriented. The rings were 2.89 nm−1 (low-intensity ring) and 3.57 nm−1 (high-intensity ring) from
the center. These characteristic distances were converted to interplanar distances, d, of 0.346 and
0.280 nm, respectively. For HAP, the diffraction plane corresponding to d = 0.346 nm (with a margin of
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error of <1.5%) was {002}. For OCP, there were several corresponding planes, such as {121} and {520}.
β-TCP also had several corresponding planes, including {1010} and {0110}. DCPD, however, had no
diffraction plane corresponding to a d of 0.346 nm.

The d of 0.280 nm corresponded to the {211}, {121}, and {112} diffraction planes for HAP, {511},
{710}, etc. for OCP, and {002} for the DCPD. β-TCP had no diffraction plane corresponding to a d of
0.280 nm.

The relative intensity of the diffraction plane in each calcium phosphate crystal provided
important information for identifying the calcium phosphate phase when the orientations of the
crystals were random. The relative intensities of the {002}, {211}, {121}, and {112} diffraction planes
of HAP were 49, 100, 43, and 70%, respectively. The diffraction intensities of each plane of the OCP
corresponding to d = 0.346 or 0.280 nm were all less than 35%. Similarly, low diffraction intensities
were also observed for the plane corresponding to d = 0.346 nm for β-TCP and the plane corresponding
to d = 0.280 nm for DCPD. This result strongly suggests that the precipitates were HAP.

Since high-resolution TEM (HR-TEM) observation of the precipitates was difficult due to
the overlapping crystals, a lattice image of each crystal in the precipitates was observed using a
crushed sample.

2.8. High-Resolution TEM (HR-TEM) Observation and Fast Fourier Transform (FFT) Image Analysis of
Precipitated Nodules in a Narrow Area

Figure 8a shows a magnified image of nanorods, a major component of the precipitates. Randomly
oriented nanorods (white arrows) with a width less than 10 nm were identified, and lattice images
were observed for each rod.

Figure 8. Narrow-area TEM images of nanorods. (a) Aggregation of nanorods. The orientation of each
rod was random, and lattice fringes were observed in the rods. (b) HR-TEM image of a rod. The lattice
image of the rod is visible. (c) FFT image of a rod. Three directions of the crystal planes are indicated
by white, blue, and yellow arrows. The interplanar distance corresponding to the direction of the white
arrow (0.814 nm) is superimposed in (b).

HR-TEM observation of a nanorod (Figure 8b) revealed a lattice pattern corresponding to the
atomic arrangement. An FFT image of a nanorod (Figure 8c) revealed three periodic directions
corresponding to d = 0.814, 0.277, and 0.276 nm (white, blue, and yellow arrows, respectively). The d of
0.814 nm corresponded to the {26} plane for HAP and the {012}, {102}, and {112} planes for β-TCP with
a margin of error of <1.5%. In contrast, OCP and DCPD had no planes corresponding to d = 0.814 nm.
The d values of 0.277 and 0.276 nm corresponded with many diffraction planes for HAP, β-TCP, OCP,
and DCPD. For HAP, the corresponding planes were {112}, {212}, and {212}; for β-TCP, {128}, {328}, etc.;
for OCP, {601}, {222}, etc., and for DCPD, the d of 0.277 nm corresponded to {002}.

The angle of intersection between the directions of the white and blue arrow was 59.0◦, and
between the directions of the white and yellow arrows was 120.3◦. Although the d-value analysis

73



Int. J. Mol. Sci. 2019, 20, 670

indicated the possibility that the nanorod was HAP or β-TCP, comparison of the measured intersection
angles with theoretical ones indicated that the nanorod was HAP (Table S3) The measured d values
and intersection angles were consistent with the theoretical values with a margin of error of <1.5%.
The directions of the white, blue, and yellow arrows corresponded to [100], [112], and [212] for HAP.
The image in Figure 8b therefore shows the HAP lattice viewed from the [021] zone axis.

We performed similar observations and analyses for ten different nanorods in several areas and
found that all of them were HAP.

Figure 9a shows a high-magnification TEM image corresponding to the bulky materials observed
in Figure 7b. They consisted of nanoparticles (white arrows) with a diameter less than approximately
10 nm. This observation means that the cell-induced precipitates consisted of a mixture of nanorods
and nanoparticles. The 50 nm particles observed by SEM (Figure 6) therefore were secondary particles
consisting of smaller nanoparticles.

Figure 9. Narrow-area TEM images of bulky precipitates. (a) The precipitates consisted of nanoparticles
sized less than approximately10 nm. (b) HR-TEM image of a nanoparticle. (c) FFT image of a
nanoparticle. Three directions of crystal planes are indicated by white, blue, and yellow arrows. The
interplanar distance corresponding to the direction of the white arrow (0.809 nm) is superimposed
in (b).

A HR-TEM image of a nanoparticle (Figure 9b) revealed a lattice arrangement, and a FFT image of
nanoparticles (Figure 9c) revealed at least three periodic directions. The d values corresponding to each
direction (indicated by white, blue, and yellow arrows) were 0.809, 0.385, and 0.285 nm, respectively.
The d of 0.809 nm corresponded to [26] for HAP, {012}, {102

}
, and {112} for β-TCP with a margin

of error of <1.5%. OCP and DCPD had no planes corresponding to d = 0.809. The d of 0.385 nm
corresponded to {121}, {111}, and {211} for HAP with a margin of error of <1.5%. OCP corresponded
to several planes, such as {121} and {221}. β-TCP and DCPD had no corresponding planes. The d of
0.281 nm corresponded to many planes for both HAP and OCP: {321}, {211}, etc. for HAP, and {130},
{420}, etc. for OCP. DCPD corresponded to {002}, whereas β-TCP had no corresponding plane. The
d-value analysis indicated that only HAP had planes corresponding to three directions. The intersection
angle between the directions of the white (d = 0.809 nm) and blue (d = 0.385 nm) arrows was 90.7◦,
and between the directions of the white and yellow (d = 0.281 nm) arrows was 46.9◦. These angles
corresponded to those between [100] and [121] and between [100] and [321] for HAP, respectively. The
measured d values and intersection angles between each plane were consistent with the theoretical
values (with a margin of error <1.5%; see Table S3). The image in Figure 9b therefore corresponded to
the HAP lattice viewed from the [012] zone axis. We performed similar observations and analyses for
ten different nanoparticles in several areas and found that all of them were HAP.
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2.9. Element Content in Precipitated Nodules Measured Using Scanning TEM Energy-Dispersive X-ray
Spectroscopy (STEM-EDS)

Figure 10 shows a low-magnification (approximately 12 μm square) TEM image (a) and
two-dimensional elemental mappings of Ca (b), P (c), and N (d) in the area in (a). Ca and P
were observed in only the precipitates, and N was mostly observed in the cell region. A small
amount of N was detected in the precipitate region; it was probably due to cell contamination. The
energy-dispersive X-ray spectroscopy (EDS) spectrum (Figure 10e, magenta curve) corresponded to
the region in Figure 10a where the average Ca/P atomic % ratio was 1.41 ± 0.01. This Ca/P ratio
increased slightly with a decrease in the area size and reached equilibrium when the area size was less
than a few μm. The blue and green curves show the spectra measured for 1.5 μm and 200 nm squares,
the corresponding Ca/P ratios of which were 1.44 ± 0.01 and 1.45 ± 0.01. The detected elements
(except C, O, N, and Cu) and their contents for the 200 nm square are shown in Table S4.

We performed EDS measurements on five different areas in the 1.5 μm square and determined
that the average Ca/P atomic % ratio was 1.45 with a deviation of ± 0.02.

Figure 10. Scanning TEM energy-dispersive X-ray spectroscopy (STEM-EDS) analysis results for
precipitates. (a) Low-magnification TEM image for energy-dispersive X-ray spectroscopy (EDS)
analysis. Two-dimensional elemental mappings of (b) Ca, (c) P, and (d) N. (e) STEM-EDS spectra for
three measured areas: approximately 12 μm, 1.5 μm, and 200 nm (magenta, blue, and green curves,
respectively). Cu is attributed to the TEM grid, and Al is equipment specific. Each spectrum was
normalized by the intensity of Ca at 3.7 keV.

3. Discussions

Cytokines such as BMP and TGF-β play important roles in the regulation of odontoblast
differentiation [14,15,27,28]. When we established the PPU-7 cell line, we demonstrated that both BMP2
and TGF-β1 significantly affected cell proliferation, cell population doubling time, mRNA expression
of dentin sialophosphoprotein (DSPP), which is one of the differentiation marker for odontoblasts,
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and ALP activity in the PPU-7 cell line. These findings are in agreement with the reports described
above. In addition, considering the inherent ALP activity in the PPU-7 cell line, our data suggest that
some level of ALP activity is required for the induction of the differentiation of PPU-7 cells into hard
tissue-forming cells by BMP2 and/or TGF-β1.

In vitro study using human mesenchymal stem cells (hMSCs) shows that MDZ inhibits
ALP activity and calcium deposition in hMSCs, suggesting a suppressive effect on osteogenic
differentiation [23]. However, little was known about the effect of MDZ on the properties of dental
pulp tissues. We therefore hypothesized that MDZ affects odontoblastic differentiation rather than the
osteogenic differentiation of dental pulp stem cells. We demonstrated that the addition of MDZ-only
to PPU-7 cells dramatically enhanced ALP activity and mineralization induction. This finding suggests
that MDZ possesses the ability to induce the differentiation of PPU-7 cells into hard tissue-forming
cells. Moreover, the results led us to investigate the combination of MDZ and cytokines, namely, BMP2
and TGF-β1.

In general, many drugs express their drug efficacy through a receptor. MDZ controls the
GABA, which is the main inhibitory neurotransmitter. The GABAA receptor is a multi-subunit
chloride channel that mediates the fastest inhibitory synaptic transmission in the central nervous
system. The benzodiazepine class, which includes MDZ, enhances the effect of the neurotransmitter
GABA at the GABAA receptor [17]. The GABAA receptor has at least 19 different subunits and
shows different susceptibility to drugs depending on the combination of units [29,30]. The GABAA
receptor beta 1 subunit (GABRB1) is strongly expressed in the human coronal pulp and permanent
predentin/odontoblasts [31,32]. Although we demonstrated that MDZ-only treatment enhanced ALP
activity and mineralization induction, combinations of MDZ with BMP2 or TGF-β1 tended to decrease
both of them. Our findings suggest that the pharmacological interaction of the combination of MDZ
with BMP2 or TGF-β1 reduces the susceptibility and/or reactivity of GABRB1.

Dental pulp stem cells possess a pluripotency for various types of specialized cells, such as
neuron, cardiomyocytes, chondrocytes, odontoblasts, osteoblasts, and liver cells [33,34]. The starting
population of these cells and their differentiated progeny are evaluated by analyzing the expression of
specific gene markers. DSPP is an important marker of odontoblastic differentiation. We previously
generated two amplification products from the full-length DSPP (DSPP-v1) and the DSP-only (DSPP-v2)
transcripts and found that both the DSPP-v1 and DSPP-v2 products were predominantly observed in
odontoblasts, whereas only trace expression of the DSPP-v1 transcript was detected in dental pulp [35].
Our previous study showed that in addition to these two DSPP splice variants, matrix metalloproteases
such as MMP2 and MMP20 can become odontoblast differentiation markers [36]. We demonstrated
that the mRNA levels of DSPP-v1, DSPP-v2 and MMP2 were dramatically enhanced by MDZ at day
seven. In contrast, mRNA expression levels of the osteoblastic differentiation markers OC and RUNX2,
and the chondrogenic differentiation markers Col II and ACAN decreased over time regardless of the
presence or absence of MDZ. These findings suggest that MDZ promotes the differentiation of PPU-7
cells into odontoblasts.

Alizarin Red S staining has been widely used to evaluate calcium deposits in cell culture [37],
whereas von Kossa staining has generally been used to detect both phosphates and carbonates
in calcium deposits [38]. We demonstrated that the formation of precipitated nodules in a
mineralization-inducing culture medium in the presence or absence of MDZ was evident on the
plate by both staining methods and that the MDZ-only treatment showed the highest ability to induce
calcification. These findings suggest that the precipitated nodules possess calcium carbonate-based or
calcium phosphate-based components and that the use of MDZ-only is the most effective in inducing
mineralization in the PPU-7 cell line.

DPP is a highly phosphorylated protein in dentin with an isoelectric point near 1.1. Due to the
biased amino acid composition and extensive acidity (35–40% phosphoserine and 40–50% aspartic
acid) [39], DPP stains very strongly with Stains-all but does not stain with Coomassie Brilliant Blue.
Genetic studies have shown that for porcine DPP, the length variations in the DPP code are closely

76



Int. J. Mol. Sci. 2019, 20, 670

correlated with the length variations observed at the protein level [40]. Therefore, DPP samples
separately isolated from 22 pigs appear as single or doublet bands migrating between 96 kDa and
100 kDa on SDS-PAGE [40]. Our previous study showed that full-length DSPP containing DPP is an
odontoblast-predominant transcript and that little DPP is present in porcine dental pulp, suggesting
that DPP is a dentin-specific protein [35]. In this study, we demonstrated that DPP doublet bands were
present in the precipitated nodules in PPU-7 cells cultured with a mineralization-inducing culture
medium and that the addition of MDZ increased the intensity of the DPP doublet bands. Our data
suggest that the precipitated nodules possessed dentin-like characteristics.

The HR-TEM observations and FFT analyses indicated that the nanorods and nanoparticles were
HAP. To support this conclusion, SAED simulation of a HAP crystal viewed from a particular zone
axis was performed using the ReciPro application. Figure S4 shows the SAED patterns of a HAP
crystal viewed from {021} (Figure S4a) and {012} (Figure S4b). The pattern corresponding to the {021}
direction (dotted hexagon) was essentially the same as the FFT image in Figure 8c. The diffraction
spots corresponding to {012} and {112} were not clearly visible in the FFT image, probably due to the
width of the nanorods in those directions not having sufficient periodicity in the image. The simulated
SAED corresponding to the {012} direction was consistent with the FFT image in Figure 9c, indicating
that the nanorods and nanoparticles were indeed HAP. The two Debye rings observed in the wide-area
SAED pattern (Figure 7c) revealed the most likely d values in randomly oriented HAP, and the XRD
pattern of the precipitates showed peaks corresponding to those of HAP. These findings indicated that
the precipitates consisted of a single phase of low-crystalline HAP. The STEM-EDS results showed that
the HAP in the precipitates was calcium deficient.

In our previous study, an enamel-like HAP nanorod array was constructed on an amorphous
calcium phosphate (ACP) substrate consisting of nanoparticles (<80 nm diameter) that had been
compression molded [41]. When the substrate was immersed in a calcium phosphate solution
without cells under pseudo-physiological conditions, ACP nanoparticles close to the substrate surface
quickly transformed into HAP ones and grew perpendicularly as rods due to geometric selection.
During this reaction, ACP nanoparticles located in the middle to deep regions of the substrate were
transformed into low-crystalline HAP. We found that the macroscopic and microscopic morphologies
of cell-induced HAP closely resembled those of HAP transformed from ACP nanoparticles. Figure
S5 in Supplementary shows the TEM images, SAED patterns, and STEM-EDS spectra for both types
of HAP crystal. The macroscopic morphology of the grown material was fibrous for both types
(Figure S5a,c) and consisted of a mixture of nanorods and nanoparticles (Figure S5b,d). Regarding
the morphology in elemental crystals and their aggregates, the two types of HAP crystal were similar.
The SAED patterns for the grown materials measured at 800 nm φ were also similar (Figure S5e). The
average Ca/P atomic % ratio of cell-induced HAP (Ca/P = 1.45) was slightly less than that of HAP
transformed from ACP nanoparticles (Ca/P = 1.50) (Figure S5f) and that of human dentin [42]. One
reason for this difference is the substitution of several cations, such as Zn and Mg, at Ca-ion sites in
the cell-induced HAP, which occurred due to the complex composition of the initial growing fluid.
Based on the content of each element shown in Table S2, the Ca/(Zn + Na + Mg + Si) atomic % ratio
was approximately 7.48, meaning that the x component in Ca10−x(Zn, Na, Mg, Si)x(PO4)6(OH)2 was
approximately 1.18. Therefore, the calculated Ca/P molar ratio of the cell-induced HAP was 1.47,
which was close to the measured ratio for the precipitates.

The morphological, structural, and chemical similarities between the cell-induced HAP and
the ACP-transformed HAP strongly suggest that the cells, which had high ALP activity, produced
locally concentrated phosphate ions, which nucleated ACP nanoparticles in the initial reaction stage.
These particles subsequently transformed into low-crystalline HAP. Biological analysis after HAP
precipitation showed that the initial pulpal cells differentiated into odontoblast cells and that the
present system simulated the dentin matrix formation process, suggesting that the HAP in tooth dentin
is formed by phase transformation from ACP nanoparticles. Indeed, a TEM image of human molar
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dentin (Figure S6) showed that it consisted of nanorods and nanoparticles, the same as for the images
in Figure S5a,c.

4. Materials and Methods

These studies have received approval from the Institutional Ethics Review Committee of the
Tsurumi University School of Dental Medicine (Project identification code #1318, 1 December 2015).
Additionally, all animal experiments were approved by the Institutional Animal Care Committee and
the Recombination DNA Experiment and Biosafety Committee of the Tsurumi University School of
Dental Medicine. We have confirmed that all experiments were performed in accordance with relevant
guidelines and regulations.

4.1. Alkaline Phosphatase (ALP) Activity Assay of the PPU-7 Cell Line

The PPU-7 cell line was established from porcine dental pulp cells by our group (see Figures
S1–S3). We measured ALP activity in each well as described previously [43]. The cells were plated
on a 96-well plate at a density of 3.16 × 104 cells/cm2 and were cultured in the standard medium for
24 h. The medium was changed to growth medium supplemented with 0, 2.5, 5, or 10 μM of MDZ
with 500 ng/mL of rhBMP2 (R&D Systems, Minneapolis, MN, USA) or with 1 ng/mL of rhTGF-β1
(Cell Signaling Technology, Danvers, MA, USA). After 72 additional hours of incubation, the cells were
washed once with PBS, and ALP activity was assayed using 10 mM p-nitrophenylphosphate as the
substrate in 100 mM 2-amino-2-methyl-1,3-propanediol-HCl buffer (pH 10.0) containing 5 mM MgCl2
and incubated for 10 min at 37 ◦C. Adding 0.2 M NaOH quenched the reaction, and the absorbance at
405 nm was read on a plate reader.

4.2. Alkaline Phosphatase Staining

The cells were spread on a 24-well plate at density of 3.16 × 104 cells/cm2. After incubation for
2 days, the cells were rinsed twice with PBS, fixed with 10% formaldehyde for 30 min, stained
with 0.1 mg/mL of naphthol AS-MX phosphate (Sigma-Aldrich, St. Louis, MO, USA), 0.5%
N,N-dimethylformamide, Fast Blue BB salt (Sigma-Aldrich), and 2 mM MgCl2 in 0.1 M Tris–HCl buffer
(pH 8.5) for 30 min at room temperature, and then washed with dH2O and photographed.

4.3. Gene Expression of the PPU-7 Cell Line

The cells were extracted with an RNA extraction reagent (Isogen, Nippon Gene Co., Ltd., Tokyo,
Japan). The purified total RNA (2 μg) was reverse transcribed; the reaction mixture consisted of SYBR
Green PCR master mix (Roche), supplemented with 0.5 μM forward and reverse primers and 2 μL
of cDNA as template. The specific primer sets were designed using Primer-BLAST software (URL:
http://www.ncbi.nlm.nih.gov/tools/primer-blast). The specific primer sets and running conditions
are shown in Table S1. GAPDH was used as the reference gene. Each ratio was normalized the relative
quantification data of DSPP-v1, DSPP-v2, MMP2, OC, RUNX2, Col II and ACAN in comparison to a
reference gene (GAPDH), generated on the basis of a mathematical model for relative quantification
in qPCR system. All values were represented as means ± standard error. Statistical significance (*)
was determined using a Steel’s test, whereas (**) was determined using a Mann–Whitney U-test. In all
cases, p < 0.05 was regarded as statistically significant.

4.4. Detection of Precipitated Nodules in PPU-7 Cells

PPU-7 cells were grown on a 12-well plate at an initial density of 3.16 × 104 cells/cm2. After
incubation for 24 h, the medium was changed to a mineralization-inducing medium containing 10 mM
β-glycerophosphate and 50 μM ascorbic acid. The cells were cultured for up to 7 days. Mineralization
was visualized by Alizarin Red S and von Kossa staining. After fixation with 4% paraformaldehyde
neutral buffer solution for 30 min, the cells were stained with 1% Alizarin Red S (Sigma-Aldrich)
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solution for 10 min, then washed with distilled water and photographed. Alternatively, silver staining
was performed using a von Kossa staining kit (Polysciences, Inc., Warrington, PA, USA) according to
the manufacturer’s instructions.

PPU-7 cells were grown on a 24-well plate at an initial density of 3.16 × 104 cells/cm2. After
incubation for 24 h, the medium was changed to a mineralization-inducing medium. The cells were
cultured for up to 5 days. Each well on the plates was rinsed with PBS, and the calcium was dissolved
in 0.5 mL of 0.5 N HCl by gentle rocking for 1 h. The calcium concentration in the eluate was
spectrophotometrically determined at 570 nm by following the color development with a calcium
assay kit (Calcium C-test Wako, Wako Pure Chemical Industries, Ltd.). All values were normalized
against the cultivation area.

4.5. Statistical Analysis

For ALP assays and qPCR and calcium analyses, all values are presented as the mean ± standard
error. Statistical significance (*) was determined using the Mann–Whitney U-test for qPCR analysis
and a nonparametric Steel’s test for the ALP assay and calcium analysis. p < 0.05 was regarded as
statistically significant for Steel’s test, and p < 0.01 or p < 0.05 was regarded as statistically significant
for the Mann–Whitney U-test.

4.6. Characterization of Proteins in the Precipitated Nodules from PPU-7 Cells

The PPU-7 cell line was grown in standard medium or in mineralization-inducing culture medium
on the 6 cm culture dish at an initial density of 3.16 × 104 cells/cm2 for 14 days, and the cell sheet
was scraped off with a cell scraper. The cell sample was suspended with 50 mM Tris–HCl/4M
guanidine buffer (pH 7.4) containing Protease Inhibitor Cocktail Set III [1 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF), 0.8 mM aprotinin, 50 mM bestatin, 15 mM E-64,
20 mM leupeptin, and 10 mM pepstatin (Calbiochem EMD Chemicals Inc., Gibbstown, NJ, USA)]
and 1 mM 1,10-phenanthroline (Sigma-Aldrich), and was homogenized using a Polytron (Capitol
Scientific, Inc., Austin, TX, USA) homogenizer for 30 s at half speed. Insoluble material was pelleted by
centrifugation (15,900g) and the supernatant (G1 extract) was stored at −80 ◦C. The guanidine-insoluble
material was extracted against 0.17 N HCl and 0.95% formic acid containing 10 mM benzamidine
(Sigma-Aldrich), 1 mM PMSF, and 1 mM 1,10-phenanthroline using the homogenizer. Following
centrifugation, the acid-soluble supernatant (HF extract) was stored at −80 ◦C. The pellet was extracted
with 50 mM Tris–HCl/4M guanidine buffer (pH 7.4) containing Protease Inhibitor Cocktail Set III
and centrifuged, and the supernatant (G2 extract) was stored at −80 ◦C. The G1, HF, and G2 extracts
were desalted with an Amicon Ultra centrifugal filter (0.5 mL, MW = 3000 cut off) (Merck Millipore,
Darmstadt, Germany). Following the quantitative analysis of total protein in each extract using a
Pierce 660 nm Protein Assay Reagent (Thermo Fisher Scientific, Waltham, MA, USA), the amount of
total protein was normalized by dividing the amount of total protein in control (i.e., PPU-7 cell line
was cultured in the standard medium), and characterized by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE).

SDS-PAGE was performed using a 15% e-PAGEL mini gel (ATTO Corporation, Tokyo, Japan).
The gel was stained with SimplyBlue SafeStain (Invitrogen) or Stains-all stain (Sigma-Aldrich). The
apparent molecular weights of the protein bands were estimated by comparison with the SeeBlue
Plus2 Pre-Stained standard (Life Technologies/Invitrogen).

4.7. Degree of Supersaturation with Respect to Each Calcium Phosphate Phase

The calcium phosphate phases that form under physiological conditions are DCPD, OCP, β-TCP,
and HAP. We calculated the degree of supersaturation, σ, of the initial culture fluid with respect to
each phase using:

σ = (IP/Ksp)1/n − 1 (n = 2, 16, 5, and 18 for DCPD, OCP, β-TCP, and HAP, respectively) (1)
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where IP is the ionic activity of the solution and Ksp is the solubility product constant of the material at
37 ◦C [44]. The concentration of each ion in the fluid and the degree of supersaturation are given in
Table S2.

4.8. XRD

Microbeam XRD (RAPID, Rigaku) with monochromated Cu-Kα radiation was used to characterize
the precipitates at 50 kV and 30 mA. The incident beam was focused to a diameter of approximately
100 μm and irradiated perpendicular to the surface of the cell sheet. The diffraction was recorded on an
imaging plate, and the digital data on the plate were converted to the intensity versus 2θ relationship
using DISPLAY software (Rigaku). The diffraction peak positions were referenced to those of different
calcium phosphate phases in the JCPDS cards (DCPD: Card 11–293, OCP: Card 26–1056, β-TCP: Card
9–169, HAP: Card 9–432).

4.9. SEM

Field-emission scanning electron microscopy (FE-SEM, JSM-7000F, JEOL, Ltd.) with an
acceleration voltage of 5 kV was used to observe cross-sectional samples. The samples were coated
with an osmium film (approximately 3 nm thick) before observation.

4.10. TEM Observation and Elemental Analysis Using STEM-EDS

Two types of samples were prepared for TEM observations. Ultramicrotome-cut samples were
prepared by embedding cell sheets with precipitates in epoxy resin and placing them in a dark room
for 48 h at room temperature. After the resin completely filled the gaps (precipitate regions) between
cell sheets, the resin was solidified using ultraviolet irradiation. The solidified block was then sliced
using a diamond knife into samples with a thickness of 70–100 nm. The samples were placed on a
TEM grid with a Cu mesh for observation. Samples crushed in an agate mortar were dispersed in
99.5% ethanol solution, which was ultrasonically stirred for 5 min at 40 kHz. An aliquot of the stirred
solution was placed on a TEM grid with a Cu mesh and allowed to dry naturally in air. An analytical
TEM (Tecnai Osiris, FEI Co.) with an acceleration voltage of 200 kV was used to observe the samples.
SAED measurement with a typical area of 800 nm or 200 nm φ was simultaneously performed to
characterize the material.

Two-dimensional elemental mapping and quantitative analysis of the content of each element
were performed using a Super-X EDS system in the TEM. The probe diameter used for analysis was
approximately 0.5 nm, and the amplitude was approximately 0.55 nA. The beam residence time at each
measurement position was 10 μs, and the analysis was completed within 5 min. The relative content of
each element was calculated from the energy-dispersive spectra by using peak deconvolution.

5. Conclusions

Drug repositioning is the process of discovering, validating, and marketing previously approved
drugs for new indications. Due to the promise of reduced costs and expedited approval schedules,
the research field of drug repositioning has been attracting attention [45]. To find candidates for
drug repositioning, a standard database consisting of both approved and failed drugs has been
developed as a web application [46]. Without using the database, the present study demonstrated
that MDZ enhances the differentiation of PPU-7 cells to odontoblast and promotes the formation
of dentin-like hydroxyapatite. Further studies are required to elucidate the pharmacokinetic and
pharmacological efficacy of MDZ in animal experiments. In the dental field, these findings support the
repositioning of MDZ to promote dentin regeneration for endodontic treatments, such as pulp capping.
Moreover, these findings support advancing research from pig to human experimental models using
human DPSCs to discover MDZ’s potential, not only for future dental treatments, but also for organ
regenerative medicine.
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Abstract: Graphene is capable of promoting osteogenesis without chemical induction. Nevertheless,
the underlying mechanism(s) remain largely unknown. The objectives here were: (i) to assess
whether graphene scaffolds are capable of supporting osteogenesis in vivo and; (ii) to ascertain the
participation of the integrin/FAK mechanotransduction axis during the osteogenic differentiation
induced by graphene. MSC-impregnated graphene scaffolds (n = 6) were implanted into
immunocompromised mice (28 days). Alternatively, MSCs were seeded onto PDMS substrates
(modulus of elasticity = 130, 830 and 1300 kPa) coated with a single monomolecular layer of graphene
and cultured in basal medium (10 days). The ensuing expressions of FAK-p397, integrin, ROCK1,
F-actin, Smad p1/5, RUNX2, OCN and OPN were evaluated by Western blot (n = 3). As controls,
MSCs were plated onto uncoated PDMS in the presence of mechanotransduction inhibitors (echistatin,
Y27632 and DMH1). MSC-impregnated graphene scaffolds exhibited positive immunoexpression
of bone-related markers (RUNX2 and OPN) without the assistance of osteogenic inducers. In vitro,
regardless of the stiffness of the underlying PDMS substrate, MSCs seeded onto graphene-coated
PDMS substrates demonstrated higher expressions of all tested osteogenic and integrin/FAK proteins
tested compared to MSCs seeded onto PDMS alone. Hence, graphene promotes osteogenesis via the
activation of the mechanosensitive integrin/FAK axis.

Keywords: tissue engineering; differentiation; focal adhesion kinase; bone; nanomaterials; osteoblast;
mechanical

1. Introduction

Graphene consists of a single sheet of carbon atoms arranged into a tightly packed
two-dimensional (2D) honeycomb lattice. Graphene sheets have proven quite amenable to molecular
chemical vapor deposition functionalization as well as present high specific surface area and ultrahigh
mechanical strength. Graphene can also be produced by (CVD) that is a scalable method to produce
high quality graphene substrates in two and three-dimensions [1].

The demonstrated ability of CVD-grown graphene to induce osteogenic differentiation in vitro
has rendered this method as a promising platform for cell-based bone tissue engineering and
regeneration [2–9]. Notably, stem cells cultured on graphene films with basal growth medium
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demonstrated elevated expression of osteogenic proteins including Runt-related transcription
factor 2 (RUNX2), osteocalcin (OCN), alkaline phosphatase (ALP), and osteopontin (OPN) [2,4,8].
Similarly, three-dimensional graphene substrates (scaffolds and hydrogels) increased the expression of
bone-related genes and proteins such as RUNX2, collagen I (COL-1), and OCN [4,10,11]. Graphene
film has also been shown to augment the mineralization potential of different somatic and stem
cell classes [2,3,7]. Remarkably, MG-63 cells cultured on graphene coated titanium exhibited higher
amounts of calcium nodules after 7 days compared to the uncoated controls (12 vs. 8 Ca/ng of DNA) [7].
The osteogenic differentiation achieved with CVD-grown graphene in the absence of osteogenic
inductors is highly advantageous for bone tissue engineering as these chemicals and biomolecules
present the following shortcomings: (a) dexamethasone is relatively non-specific promoting both
osteogenesis as well as adipogenesis in the long-term; (b) bone morphogenetic proteins (BMPs)
are expensive and plagued by concerns over their safety and; (c) the systematic administration of
glucocorticoids can paradoxically result in bone loss [12–14].

Although graphene has been shown to induce osteogenic differentiation in vitro the intracellular
events involved in this phenomenon remain largely unresolved. The physical characteristic of graphene
(elastic properties and superficial topographical features such as wrinkles and ripples) may facilitate
cell anchorage and thereby, promote stem cell differentiation [2,8]. Previous studies have shown that
mesenchymal stem cells (MSCs) undergoing osteogenic differentiation on graphene in the absence of
osteogenic inductors, exhibiting an upregulation in the basal expression of collagen I, RUNX2, OCN
and OPN as well as other osteogenic genes [2,4,6,10,15]. Graphene activates physiologically-relevant
mechanotransduction pathways, stimulating the expression of transcripts for bone morphogenetic
protein 2 (BMP-2) and myosin heavy chain [4,6] and supported by findings that myosin heavy-chain
mRNA and protein are upregulated by mechanical loading [16]. NIH-3T3 fibroblasts cultured on
graphene coated substrates (glass, silicone or polydimethylsiloxane) exhibited enhanced adhesion and
spreading and higher expression of F-actin and vinculin. Moreover, fibroblasts grown on graphene
exhibited more elaborated stress fiber cytoarchitecture than those fibroblasts grown on uncoated
substrates [17]. Cells grown on graphene films or scaffolds exhibited greater activation of focal adhesion
kinase (FAK) [17,18], a key component of focal adhesion-mediated mechanotransduction regulating
proliferation, differentiation and apoptosis, and other key processes in cellular physiology [19]. Finally,
FAK is an essential component of the signal transduction machinery controlling osteogenesis, whereby
its suppression disrupts bone formation [20].

Stem cell lineage commitment is modulated by the elastic characteristics of their
microenvironments [21]. For instance, MSCs cultured in a rigid hydrogel (G’ = 3600 Pa)
exhibited higher mineralization potential than those cultured in hydrogels with elastic modulus
of G’ ≤ 1570 Pa [22]. Similarly, stem cells from human exfoliated deciduous teeth (SHED) exhibit
greater potential for osteogenic differentiation with increasing substrate rigidity [23]. Substrate
matrix stiffness influences osteogenic differentiation of MSC via mechanosensing pathways conveyed
through α-integrins, Rho-associated protein kinase (ROCK) and focal adhesion kinase (FAK) [24,25].
Indeed, an increase in the substrate stiffness enhances osteoblastic differentiation through the
α2-integrin-ROCK-FAK-ERK1/2 axis [26]. As graphene has a very high elastic modulus (>1.0 TPa [27]),
high in-plane stiffness [3] and remarkable flexibility for out-of-plane deformation [8], it is reasonable
to assume that the osteogenic differentiation promoted by this material is similarly triggered and
mediated by the activation of the mechanotransduction integrin-FAK axis. Unveiling the intracellular
cascade(s) evoked by graphene and governing osteogenic differentiation is thus critical for the effective
clinical translation of this carbonaceous and versatile material.

The objectives of this study were: (i) to assess the ability of a graphene scaffold to promote
osteogenic differentiation of human MSCs in vivo and; (ii) to test the hypothesis that the osteogenic
differentiation of MSCs on graphene is mediated via the activation of the integrin-FAK axis.
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2. Results

2.1. Graphene Scaffold Induced Osteogenic Differentiation In Vivo

To evaluate whether graphene was capable of inducing osteogenesis in vivo we seeded MSCs
onto a graphene scaffold (red arrows in H&E) before transplantation into the subcutaneous space
of SCID mice for four weeks (Figure 1). The histological sections obtained from the scaffolds
revealed the formation of bony-like structures resembling primary bone (white arrows in H&E).
Immunohistochemical characterization showed that the tissues presented positive expression of the
bone-related markers RUNX2 and OPN (green arrows) and for specific human mitochondria antibody
(blue arrows).

Figure 1. Graphene scaffold induce osteogenic differentiation in vivo. MSCs were seeded onto
graphene scaffolds and transplanted into subcutaneous pockets of SCID mice. After four weeks,
there was the formation of bony-like structures on the surface of the graphene scaffold (H&E, white
arrows) that presented positive expression for the markers of osteogenic differentiation Runt-related
transcription factor 2 (RUNX2) and osteopontin (OPN) (green arrows). The positive staining for
specific for human mitochondria confirmed that the tissues formed were populated by human cells
(blue arrows).

2.2. Activation of Integrin-FAK Axis during Graphene-Mediated Osteogenic Differentiation

To determine whether graphene promotes osteogenic differentiation via the actions of
mechanosensitive pathways, we analyzed the expression of key proteins involved in the integrin-FAK
axis in response to substrates of diverse mechanical properties. MSCs were seeded onto PDMS
substrates with tuned elastic moduli (PDMS) or graphene-coated PDMS (Gp) in the presence or
absence of inhibitors. The expression of the proteins was evaluated after 10 days in vitro.

The effective concentrations of inhibitors were ascertained by their ability to suppress proliferation.
MSCs were administered different concentrations of echistatin (a Disintegrin), Y-27632 (p160ROCK
inhibitor) or DMH1 (Activin receptor-like kinase 2 inhibitor) and their growth monitored for seven
days. A decrease in cell proliferation of approximately 30% compared to the control was set as the
threshold for effective inhibition. Echistatin significantly inhibited proliferation as early as 1 day
(p < 0.05) at all concentrations used. However, at 10 nM proliferation was reduced by approximately
30% after seven days (Figure 2A). Effective proliferation inhibition was obtained at a concentration of
50 μM for both Y27632 and DMH1 (Figure 2B,C).

Next, we evaluated whether the integrin-FAK axis was activated during graphene-induced
osteogenic differentiation. MSCs were cultured on PDMS substrates of varying stiffness that had been
coated with a single monomolecular layer of graphene (Gp), or not. After 10 days, MSCs grown on Gp
presented higher expression levels of FAK-p397, as well as all downstream proteins recruited in this
axis compared to those seeded on PDMS alone. Highest expressions were observed on graphene-coated
substrates (Gp) regardless of the stiffness of the underlying PDMS substrate. The expression of all
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mechanotransductory-related proteins was decreased by the presence of Echistatin (10 nM), strongly
implicating the integrin-FAK axis in the osteogenic differentiation triggered by graphene (Figure 3A,B).
The quantification of relative expressions showed that cells grown on Gp exhibited higher protein
expression than cells cultured on PDMS alone of similar modulus of elasticity (Figure 3B).

Figure 2. Effects of mechanotransduction inhibitors on cell proliferation. All inhibitors concentrations
decreased cell proliferation at all time points compared to controls. After seven days, the proliferation
decreased by approximately 30%, when cells were treated with 10 nM of echistatin (A) and 50 μM of
Y27632 and DMH1 (B,C) comparing to the untreated control. (* denotes statistical difference between
the groups, p < 0.05. For the sake of clarity, only the statistical significances at day seven are depicted).

Figure 3. (A) Absolute and (B) relative expression levels of indicated proteins derived from
MSCs grown on PDMS of different stiffnesses (determined by ratio of Sylgard 184 and 527) and
graphene-coated PDMS (Gp). Regardless of the stiffness of the underlying substrates, MSC on Gp
presented higher expression of physical stimuli-related proteins (FAK-p397, Smad p1/5 and F-actin)
and bone-related markers (RUNX2, osteopontin (OPN) and osteocalcin (OCN)) compared to cells
cultured on PDMS alone. OPN and OCN expression increased on Gp relative to PDMS (Gp/PDMS)
for all stiffnesses tested. (B) relative quantification of all groups in the absence of inhibitors. Signal
intensity is in arbitrary units. The presence of 10 nM echistatin attenuated the expression of all proteins
examined. GAPDH represents housekeeping gene.
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Y27632 (50 μM) was used to confirm a downstream role of ROCK1 in the osteogenic differentiation
induced by graphene. As previously, regardless of the stiffness of the underlying polymer, MSCs
on graphene-coated PDMS exhibited higher expression levels of ROCK1 in conjunction with its
downstream affiliated transforming growth factor β modulating protein, Smad 1/5, and bone-related
proteins (RUNX2, OPN and OCN), whose expressions were attenuated by the administration of Y27632
(Figure 4A,B).

Figure 4. (A) Regardless of the stiffness of the underlying substrate (PDMS), Gp upregulated the
expression levels of ROCK1, Smad p1/5 and F-actin and bone-related proteins. With the exception of
ROCK1/0.83 MPa, Gp increased the expression of all proteins by >50%. (B) Relative quantification of
all groups in the absence of inhibitors. Signal intensity is in arbitrary units.

Finally, we checked the expression levels of the selected proteins before and after inhibiting
Smad p1/5 in response to treatment with DMH1 (50 μM). The expressions of Smad p1/5 and of the
downstream bone-related proteins (RUNX2, OPN and OCN) were higher on Gp compared to all PDMS
conditions tested. The presence of DMH1 suppressed the expression of all proteins confirming that
the osteogenic differentiation on graphene is regulated by the activation of Smad p1/5 (Figure 5A).
The quantification of protein expression showed that cells on Gp exhibited increased compared to
PDMS for all modulus of elasticities studied (Figure 5B).
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Figure 5. (A) MSCs grown on Gp exhibited greater increases of Smad p1/5 and of the classical markers
for osteogenic differentiation, RUNX2, OPN and OCN. The expressions of p-SMAD increased by >180%
on Gp compared to PDMS alone. The treatment 50 μM of DMHI decreased the expression of all protein
studies. (B) Relative quantification of all groups in the absence of inhibitors. Signal intensity is in
arbitrary units.

3. Discussion

CVD-grown graphene has emerged as a promising platform with which to enhance osteogenic
outcome [5,6,8,9,23]. The osteogenic capabilities of CVD-grown graphene have been attributed
to its molecular structure, whereby the potential for π–π stacking between the aromatic rings of
given osteogenic inducers (e.g., dexamethasone, β-glycerophosphate) and the graphene has been
hypothesized. This would act to effectively absorb and immobilize said biomolecules to its surface
for more effective cell delivery and enhanced differentiation [3,24]. Seemingly at odds with the
previous studies, several other publications have attested to the osteogenic potential of graphene films,
scaffolds and hydrogels even in the absence of chemical inductors [2,4,6,8,12]. A resolution to these
seemingly disparate discoveries may come with the recent finding that unstimulated paracrine cells
plated onto graphene enhance their release of signaling molecules and proteins that are capable of
promoting osteogenic differentiation of MCSc cultured onto inert glass substrate [2]. Hence, it is feasible
that graphene both promotes the paracrine release of pro-osteogenic biomolecules in the immediate
microenvironment as well as enhances their delivery to support osteogenic differentiation [2,4,8,11].
However, the potential of CVD-grown graphene promote osteogenesis in vivo and the cellular
mechanisms evoked to allow differentiation remain largely unknown. In this report, the graphene
scaffold induced the differentiation of human MSC in vivo (Figure 1). After four weeks from
implantation, the histological analysis with H&E revealed the presence of bony-like tissues within
the scaffolds resembling primary bone. Notably, the imunnohistochemical analysis of the tissues
formed showed positive expression of the transcription factor RUNX2 and OPN. The first is essential
for osteoblastic differentiation and skeletal morphogenesis, while OPN is an important bone matrix
protein synthesized by osteoblastic cells [25,26]. Positive immunoreactivity to an antibody specific for
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human mitochondria indicated that the tissues formed was of human origin and confirmed that the
cells remained viable for 28 days as well as that they underwent osteogenic differentiation in vivo.

Evidence exists for integrin-mediated mechanical signaling regulating stem cell paracrine
factor production and release [10]. We investigated the role of the integrin-FAK-axis in the
graphene-induced osteogenic differentiation. The FAK activity is related to alterations in the actin and
microtubule filaments. As cells experience changes in forces through integrin contacts that link the
extracellular matrix with the cytoskeleton, the FAK is activated modulating corrective cell responses to
environmental stimuli [18,27]. Both integrins and FAK proteins are sensitive to physical stimuli and
elastic properties of the substrates [28]. Accordingly, the high modulus of elasticity (up to 2.4 TPa)
and high flexibility to out-of-plane deformation of graphene [8,22] could modulate the expression of
these proteins and trigger a mechano-stimulated osteogenic differentiation. To test this hypothesis,
MSC were cultured on PDMS substrates with modulus of elasticity ranging from 130 to 1.3 MPa
with or without a coating of graphene. After 10 days, the expressions of the proteins involved in the
integrin-FAK axis were evaluated by Western blot.

The expression of FAK-p397 was higher in all graphene-coated PDMS substrates (Gp) compared
to PDMS alone (Figure 3). Similar enhancement in FAK expression was observed in fibroblasts cultured
on stiff fibronectin gel (66 kPa) compared with a softer one (1050 Pa) [29]. Besides regulating cell
adhesion, FAK-p397 is necessary for osteogenic differentiation, as its inhibition decreases RUNX2
expression by ~50% and mineralized matrix deposition by 30% [30].

Additionally, we observed that MSCs on Gp presented higher F-actin expression compared
MSCs on uncoated PDMS (Figure 3). F-actin controls the cytoskeleton tension, promotes the
phosphorylation of Smad and upregulates the downstream of osteogenic regulatory proteins [31].
The higher expression of RUNX2, OCN and OPN observed in this study may be related to greater
substrate-mediated contractile forces reflected by increased F-actin stress fibers that enhances
osteoblastic differentiation [18]. In addition, regardless of the stiffness of the underlying PDMS
and presence of graphene, cells treated with the integrin inhibitor (echistatin) presented low expression
of all proteins analyzed. This inhibitor binds to integrin αvβ3 receptor in a nondissociable manner [32]
decreasing the expression of FAK, actin cytoskeleton and RhoA, hence, compromising the integrin-FAK
signaling [33]. A similar trend ca be observed in Figure 3, confirming that the integrin-FAK complex is
triggered by graphene, inducing osteogenic differentiation.

Contractile and mechanical forces associated by stiffer substrates activate RhoA/Rho-associated
protein kinase (ROCK) that is essential for the formation of stress fibers and for the activation of Smad
signaling imperative for osteogenesis [34,35]. MSCs on Gp exhibited higher expression of ROCK1,
Smad p1/5 and both OCN and OPN compared to MSCs seeded onto PDMS alone (Figure 4). The latter
are well-recognized signature proteins for the presence and function of mature osteoblasts [2,4].
Conversely, treatment with Y27632 decreased the expressions of ROCK1, Smad p1/5 and bone-related
markers. Moreover, periodontal ligament cells treated with Y27632 also showed significant reductions
in the expression of osteogenic genes (e.g., fibronectin 1, collagen type I and III, and biglycan) [36].
Together, these findings confirm that the graphene-induced osteogenic differentiation of MSC is
mediated by the expression of ROCK1.

Finally, we checked the role of Smad (Figure 5), which is a sensitive regulatory protein that
mediates the osteogenic differentiation in MSCs [37]. A single layer graphene increased the expression
of Smad p1/5 independently of the stiffness of the underlying PDMS substrate. It is known that the
phosphorylated Smad protein complex (e.g., Smad p1/5/8) can translocate into the cell nucleus and
directly induce an upstream activator of RUNX2 [37,38], while the suppression of phosphorylation
and nuclear translocation of Smad 1/5/8 inhibits the expression of osteogenic genes in MSCs [39].
Smad functions with RUNX2 through direct binding in a transcriptional activator complex during
the osteogenic induction [40]. Accordingly, MSCs grown on Gp revealed the increased expression of
Smad p1/5 and RUNX2 culminating in higher expressions of OCN and OPN proteins. The expressions

91



Int. J. Mol. Sci. 2019, 20, 574

decreased by the presence of DMH1 inhibitor confirming that the graphene-induced osteogenic
differentiation is regulated by the upstream of Smad proteins.

Despite our provocative findings showing osteogenic induction by CVD-grown graphene
in vivo and elucidating an underlying mechanotransduction-related signaling cascade, this work has
limitations. For instance, PDMS with tunable properties has been shown to induce “inside-out” changes
in cells to influence migration, stiffness and differentiation via adjusting the physical characteristics of
the microenvironment [18,21]. Moreover, our synthetic material and the two-dimensional set-up of
the experiments do not mimic the complex organic three-dimensional environments in which cells
are imbedded in vivo. In addition, the contribution of the integrin-FAX axis in the graphene-induced
osteogenic differentiation was elucidated in vitro, rather than in the animal. In addition, the osteogenic
potential was evaluated in an ectopic model. Future studies shall evaluate the potential of graphene
scaffold in situ and benchmark its potential to induce osteogenesis to other materials used for bone
tissue engineering research. On other hand, these caveats provide us future avenues for investigation.
Future studies will investigate the contribution of other integrin-relevant links (e.g., serine/threonine
kinase and Rac pathways) and pathways involved in the differentiation of stem cells into osteoblasts
(e.g., TGF-β/SMAD, Wnt and BMP-2). Despite of these limitations, our work provides the evidence
that graphene induces the osteogenic differentiation by the upregulation of proteins sensitive to
physical stimuli involved in the integrin-FAK axis. Thus, the molecular properties of graphene are
capable of activating the integrin-FAK transmembrane complex that recruit the activity of both ROCK1
and F-actin that, in turn, stimulate the phosphorylation of Smad p1/5, upstream of RUNX2, OPN and
OCN expression to bring osteogenesis closer to fruition (Figure 6).

Figure 6. Mono-atomic graphene film promotes osteogenic differentiation of human MSCs via
activation the integrin-FAK axis.

4. Material and Methods

4.1. Graphene Films and Scaffold Preparation

Graphene samples were produced by CVD using a custom-built furnace in a Class 1000 clean
room facility at the NUS Centre for Advanced 2D Materials and Graphene Research Centre.
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For single-layer graphene films, copper foils (Graphene Platform, Tokyo, Japan) were placed
in a quartz tube. Thereafter, hydrogen gas (8 sccm) was introduced into the chamber and the
temperature was increased to 1010 ◦C (25 ◦C/min) and maintained for 35 min. The graphene
films were grown by flowing 16 sccm of CH4 into the tube for 30 min at 500 mTorr. Finally, the
tube was cooled to room temperature with H2. The graphene-coated copper foils were spin-coated
with polymethyl methacrylate (PMMA, Sigma, Saint Louis, MO, USA) and maintained at 180 ◦C
for 10 min. The uncoated surface of the copper foil was etched with oxygen plasma (3 min, 50 W,
50 sccm, Vita-mini reactive ion etching, FEMTO Science Inc., Gyeonggi-Do, Korea). Following this,
the copper was etched with 1.5% ammonium persulphate solution for 8 h and the graphene/PMMA
transferred to deionized water for 2 h. Thereafter, the floating membrane was gently scooped onto the
target polydimethylsiloxane (PDMS) substrates and the PMMA dissolved in acetone for 12 h. Finally,
the graphene-coated samples were washed in isopropyl alcohol for 3 h.

The graphene scaffold was grown using nickel templates (density 320 ± 25 g/m2, pore size
~500 μm, Alantum Advanced Technology Materials, Seongnam, Korea) with the same CVD protocol.
Thereafter, the nickel was removed with FeCl3 solution for 72 h at room temperature and washed with
deionized water for 72 h.

Raman spectra of graphene films and scaffolds were obtained at room temperature, with an
excitation laser source of 532 nm and power of 0.1 mW (Raman Microscope CRM 200, Witec, Ulm,
Germany) and confirmed the production of single-layer films and multi-layer graphene scaffolds
(Figure 7A).

Figure 7. (A) Raman characterization. The Raman fingerprints confirmed the successful production of
single layer graphene films and multilayer graphene scaffolds. (B) Graphene scaffold transplantation
in vivo. MSC were seeded in the chemical vapor deposition (CVD)-grown graphene scaffolds
(10 × 10 × 1 mm) and maintained in suspension plates at 37 ◦C for seven days to allow for attachment
and proliferation. The scaffolds were placed in three-dimensionally (3D)-printed polylactide protection
containers and implanted subcutaneously into immunodeficient mice for four weeks. (C) Cell
attachment on PDMS with tunable elastic properties and graphene. Cells attached and proliferated on
the surface of the oxygen plasma-etched PDMS substrates and single layer CVD-grown graphene.

4.2. Graphene Scaffold Transplantation In Vivo

The use of human cells and animals were approved by the NUS Institutional Review Board,
Institutional Biosafety Committee and Institutional Animal Care and Use Committee (R17-0956,
12/12/2017).

Human dental pulp stem cells (DP003F, Alcells, Alameda, USA) were cultured in basal growth
culture medium ((Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA, USA), 10%
fetal bovine serum (Invitrogen) and 1% penicillin/streptomycin (Invitrogen)) until 70~80% confluence
and harvested (TrypLE, Invitrogen). As shown in Figure 7B, MSC (2 × 104, passage 3) were seeded
in the graphene scaffold (0.8 × 0.8 × 0.2 cm) and maintained undisturbed for seven days. Following
that, the scaffolds (n = 6) were placed inside 3D-printed polylactide protection containers (Cube, 3D
Systems, Columbia, SC, USA) and transplanted into the subcutaneous space of immunodeficient
mice (CB-17 SCID, Invivos, Singapore). After 28 days, specimens were retrieved, fixed with 4%

93



Int. J. Mol. Sci. 2019, 20, 574

formaldehyde solution in phosphate-buffered saline at 4 ◦C for 24 h and stained with hematoxylin
and eosin (H&E). Immunohistochemical analyses of the tissues formed were performed for OPN and
RUNX2 (1:1000, Abcam, Cambridge, UK), and anti-human mitochondria antibodies (1:500, Abcam).
Controls were tissue sections stained with an isotype-matched non-specific IgG antibody.

4.3. Role of Integrin-FAK Axis in the Graphene-Induced Osteogenic Differentiation

4.3.1. Substrate Preparation

To create the PDMS substrates with tunable modulus of elasticity, we blended Sylgard 184 and
527 (Dow Corning, Midland, TX, USA) in different proportions (5:1 = 1.3 MPa, 1:1 = 830 kPa, and
1:5 = 130 kPa [41]). Glass slides (22 mm × 22 mm) were covered with the freshly mixed PDMS and
spin-coated (2000 rpm, 90 s). The PDMS substrates were maintained at 120 ◦C for 1 h followed by
60 ◦C overnight. To improve cell attachment, the PDMS substrates were treated with oxygen plasma
(3 min, 5 W, 20 sccm, Vita-mini reactive ion etching, Figure 7C). Thereafter, half of the PDMS substrates
were coated with a single layer of graphene (Gp) by the scooping method.

4.3.2. Inhibitor Concentration Optimization

Echistatin, Y27632 and DMH1 were used to selectively inhibit the expression of key proteins
expressed in the integrin-FAK axis namely integrin, Rho-associated kinase 1 (ROCK1) and Smad.

To optimize the concentration of the inhibitors, MSC were seeded in 96-well flat-bottom plate
(800/well) and maintained undisturbed in basal growth culture medium for 24 h. Thereafter, the
culture medium was completely removed and 100 μL of DMEM with different concentrations of the
inhibitors were added and changed every 48 h. Cell proliferation was evaluated for seven days by an
MTS assay (CellTiter 96 AQueous One Solution Assay, Promega, Madison, WI, USA). The inhibitory
ratio of cell proliferation was calculated based on the absorbance at 490 nm (Multiskan GO Microplate
Spectrophotometer, Thermo Fisher Scientific, Waltham, MA, USA) obtained for the untreated cells
(control). Statistical analyses were performed with Mann–Whitney test (α = 5%, SPSS Statistics 22,
IBM, Armonk, NY, USA). The concentrations that inhibited cell proliferation by ~30% were selected
for the subsequent tests.

4.3.3. Role of Integrin-FAK Axis on Graphene Osteogenic Differentiation

MSC (7 × 103) were seeded on the PDMS substrates alone (5:1, 1:1 and 5:1) or coated with
graphene (Gp) and cultured for 10 days. Thereafter, the expression of integrin-FAK axis-related
(FAK-p397, F-actin, ROCK, Smad p1/5) and bone-related proteins (RUNX2, OCN and OPN) were
assessed by Western blot (all antibodies from Abcam) and gels imaged using ChemiDoc MP Imaging
System (Bio-Rad, Hercules, CA, USA). Cells cultured with echistatin (10 nM), Y27632 (50 μM) or
DMH1 (50 μM) were the controls. Three independent samples were evaluated per group. The intensity
of the bands was quantified with ImageJ (NIH, Bethesfa, MD, USA). For the relative quantification,
we firstly confirmed that the housekeeping protein (GAPDH) was constant across the groups. Secondly,
we obtained the lane normalization factor (LNF) by dividing the housekeeping bands on the blot by
the highest signal for the housekeeping protein identified. The NFs were approximately 1.0 for all
groups indicating homogeneous housekeeping protein expression. Thirdly, the protein density (PD) of
all the proteins of interest (e.g., FAK) was normalized to their respective housekeeping protein in each
lane. Finally, the normalized signal of each PD was divided by the LNF and the relative expression
was calculated as [(Gp − PDMS)/PDMS] × 100.

5. Conclusions

CVD-grown graphene induces osteogenic differentiation of MSCs due to its molecular and
physical properties (e.g., elastic properties, surface features) without the assistance of the conventional
cocktail of osteogenic inducers considered necessary in other platforms. Here, we extended these
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findings by showing that graphene scaffolds also promote the osteogenic differentiation of MSCs
in vivo. Osteogenesis was corroborated with the positive expression of RUNX2 and OPN, classical
markers for osteogenic differentiation. Complementary in vitro tests demonstrated that the osteogenic
differentiation was mediated by the activation of the mechanosensitive integrin-FAK axis. These
developmental attributes appear to be inherent to the mono-atomic graphene sheet as changing
the elastic modulus of the underlying PDMS had little effect on their ability to induce osteogenesis.
Our findings deepen the understanding of the effects of graphene on biological systems and broaden
the potential avenues for the use of this single-atom thin material to promote osteogenesis without the
delivery limitations of exogenous chemical inducers.
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Abstract: Dry mouth or xerostomia is a frequent medical condition among the polymedicated
elderly population. Systemic pilocarpine is included in the first line of pharmacological therapies
for xerostomia. However, the efficacy of existing pilocarpine formulations is limited due to
its adverse side effects and multiple daily dosages. To overcome these drawbacks, a localized
formulation of pilocarpine targeting the salivary glands (SG) was developed in the current
study. The proposed formulation consisted of pilocarpine-loaded Poly(lactic-co-glycolic acid)
(PLGA)/poly(ethylene glycol) (PEG) nanofiber mats via an electrospinning technique. The nanofiber
mats were fully characterized for their size, mesh porosity, drug encapsulation efficiency, and
in vitro drug release. Mat biocompatibility and efficacy was evaluated in the SG organ ex vivo,
and the expression of proliferation and pro-apoptotic markers at the cellular level was determined.
In vivo short-term studies were performed to evaluate the saliva secretion after acute SG treatment
with pilocarpine-loaded nanofiber mats, and after systemic pilocarpine for comparison purposes.
The outcomes demonstrated that the pilocarpine-loaded mats were uniformly distributed (diameter:
384 ± 124 nm) in a highly porous mesh, and possessed a high encapsulation efficiency (~81%).
Drug release studies showed an initial pilocarpine release of 26% (4.5 h), followed by a gradual
increase (~46%) over 15 d. Pilocarpine-loaded nanofiber mats supported SG growth with negligible
cytotoxicity and normal cellular proliferation and homeostasis. Salivary secretion was significantly
increased 4.5 h after intradermal SG treatment with drug-loaded nanofibers in vivo. Overall, this
study highlights the strengths of PLGA/PEG nanofiber mats for the localized daily delivery of
pilocarpine and reveals its potential for future clinical translation in patients with xerostomia.

Keywords: electrospinning; nanomaterials; nanofibers; drug delivery; pilocarpine; salivary glands;
hypofunction; dry mouth; xerostomia

1. Introduction

Dry mouth syndrome or xerostomia is a common global health problem that arises most commonly
within an ageing population [1–3]. At the age of 70, 16% of men and 25% of women report xerostomia
symptoms [2]. Xerostomia is mostly triggered by diuretic medication regimens, radiotherapy for
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head and neck cancers, auto-immune disorders, and uncontrolled diabetes, among other diseases [4,5].
Currently, muscarinic agonists like pilocarpine are the first line of pharmacological therapy for
xerostomia [4]. Pilocarpine is only available in oral formulations, which upon ingestion produce
significant systemic adverse effects, leading to low tolerability and reducing patient adherence to
the drug [6,7]. Furthermore, pilocarpine tablets are contra-indicated in many medical conditions
affecting the elderly, including cardiovascular disease, chronic obstructive pulmonary disease, and
glaucoma [4,7]. Only half of the patients respond well to pilocarpine tablets, probably due to its
short duration of action (3–5 h), requiring multiple daily administrations [8]. To this end, a localized
pilocarpine formulation, specifically targeting the SG and bypassing systemic adsorption, is mandatory
to make the saliva secretion more long-lasting. A recent double-blind randomized clinical trial
showed that 0.1% pilocarpine mouthwash was not more effective than 0.9% saline after four weeks of
treatment [9]. However, when pilocarpine dosing is increased to 1–2% in studies using mouthwash,
there is a significant increase in salivation and high tolerability due to the absence of adverse side
effects [10,11]. Several studies have tested the efficacy of topical pilocarpine administration via
mouthwash or oral rinses, but they show contradicting outcomes [8,12], perhaps because pilocarpine
mouthwashes only target the minor SG present in the oral mucosa, which are glands that in normal
conditions do not significantly contribute to the whole saliva output (<1%) [13]. Major SG located
underneath the facial skin should be targeted instead, potentially via an intradermal or transdermal
route [14]. To meet this need, a new localized and SG-targeted pilocarpine drug delivery system
is needed.

Poly(lactic-co-glycolic acid) (PLGA) and poly(ethylene glycol) (PEG) are advantageous materials
for use as drug carriers due to their favorable biodegradability and biocompatibility, which ensure
safe therapies [15,16]. Various carriers in the form of particles and fiber meshes fabricated in our
previous works using electrohydrodynamic atomization (EHDA) techniques have been proven to work
effectively for sustained and controlled drug release with hydrophilic drugs like pilocarpine [17,18].
In EHDA, the solution is subjected to high voltage, and the charged droplet disintegrates into fine
jets or aerosols in a Taylor cone-like fashion, which upon immediate evaporation of the solvent leads
to the formation of the desired solid carriers [19,20]. EHDA can be operated in the electrospraying
or electrospinning mode to obtain different products (particles or fibers) of different sizes (microns,
sub-microns, etc.) and morphologies, depending on the operating parameters (flow rates, voltage,
etc.) and properties of material used (concentration, electrical conductivity, surface tension, viscosity,
etc.) [21,22]. For instance, highly concentrated and viscous liquid favors the electrospinning regime to
form fibers, as the liquid easily solidifies at the onset of jetting owing to a sufficiently strong elastic
network that stabilizes the jet against breakup [22].

In this study, we present a new approach for the localized and controlled delivery of pilocarpine
and successfully evaluated it ex vivo and in vivo. The proposed formulation was composed of
homogenous pilocarpine-loaded PLGA/PEG nanofiber mats using electrohydrodynamic atomization
techniques in electrospinning mode. Next, we aimed to (1) characterize the diameter distribution,
porosity and in vitro drug release of this localized nanofiber mat formulation, to (2) evaluate its
biocompatibility in ex vivo SG organs, and to (3) compare the in vivo saliva secretion rates of this
localized formulation against systemic pilocarpine.

2. Results

2.1. Fabrication of Electrospun Nanofiber Mats

After optimization, it was found that using acetone as the solvent gave the most homogeneous and
stable polymer solution/emulsion, compared to other organic solvents tested. At PLGA concentration
of <30% (w/v), the fibers produced were intertwined with unwanted particles. Changes in the
collection height and voltage did not significantly change this outcome, though increasing the PLGA
concentration from 10% to 25% (w/v) did augment the ratio of fibers to particles. Only at 30% (w/v)
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PLGA concentration were uniform nanofibers with no more particles consistently observed (Figure 1A),
and this was accomplished with electrospinning operating parameters of 0.3 mL/h flow rate, 11.0 kV
voltage, and 10 cm height of collection. Our finding was consistent with the literature in that, in general,
a lower polymer concentration favors the formation of particles while a higher polymer concentration
favors fiber fabrication [23].

Figure 1. Structural and morphological comparison of pilocarpine-loaded and unloaded PLGA nanofiber
mats, and in vitro pilocarpine release profile from pilocarpine-loaded mats. (A) Scanning electron
microscopy (SEM) images at 1700× magnification. (B–C) Diameter distribution of the loaded (left)
and unloaded PLGA fiber mats (right). (D) Mean porosity distribution of PLGA fiber mats. Error bars
represent SD from n = 10. (E) Cumulative pilocarpine drug release from loaded PLGA nanofibers in
the short and long term supported a steady pilocarpine release in vitro. The observed drug release
profile was about 26% in the first 4.5 h, and increased steadily to 36% after 9 d, to 45% after 15 d, and to
52% after 28 d. This supports a steady pilocarpine release in vitro. Error bars represent SD from n = 3.
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2.2. Physical and Chemical Characterization of Nanofibers

2.2.1. Scanning Electron Microscopy (SEM)

SEM images of the fabricated PLGA fiber mats (pilocarpine-loaded and unloaded) can be observed
in Figure 1A. The average diameter and porosity of the fibers were determined for the loaded and
unloaded formulations (Figure 1B,C, respectively). Well-distributed nano-scale fibers were observed
for the pilocarpine-loaded fiber mat (diameter 384 ± 124 nm), and submicron fibers for the unloaded
fiber formulation (diameter 936 ± 258 nm). The average porosity (pore size) of the pilocarpine-loaded
fiber mat was significantly smaller as compared to the unloaded (611 ± 107 nm versus 3510 ± 838 nm)
(Figure 1D). The porosity and diameter of the loaded nano-scale fiber mat was uniform as per its
limited standard deviation.

2.2.2. Drug Loading Capacity, Encapsulation Efficiency, and Degradation

Next, the drug loading capacity of the loaded PLGA nanofiber mats as well as the encapsulation
efficiency was calculated based on spectrophotometry results and standard theoretical formulas
mentioned above. The drug loading capacity of the nanofibers was determined to be 0.84 ± 0.09%
and the encapsulation efficiency was 81.1 ± 8.4%. For degradation studies of pilocarpine solution in
different diluents (MilliQ water and 1× PBS), the optical densities of pilocarpine across a period from
4.5 h to 2 d did not change and were comparable for both diluents (results not shown), which indicates
that no drug degradation occurred.

2.3. Short- and Long-Term In Vitro Pilocarpine Release

To determine the pilocarpine release from the PLGA nanofiber mats through time, we measured
the pilocarpine released into a shaking PBS buffer from 4.5 h up to 28 d. In Figure 1E, the release
curve showed an initial burst release of one-fourth of the encapsulated pilocarpine (25.7%) after 4.5 h,
followed by a rather gradual and steady release of pilocarpine over time. After 15 d, almost 50% of
encapsulated pilocarpine was released. Then, a slight plateau was noted from day 15 to day 19. After
day 19, there was only a 6% increase up to day 28.

2.4. Ex Vivo Studies in Hypofunctional Salivary Glands

2.4.1. Cytotoxicity and ATP Activity of Pilocarpine

In order to test the cytotoxicity of pilocarpine in the SG organ, we cultured salivary glands ex
vivo with media supplemented with this drug (Figure 2A) at a range of clinically relevant therapeutic
concentrations, according to previous reports [24,25]. All pilocarpine concentrations, ranging from
0.1 to 20 μg/mL, supported the glandular growth through 48 h (Figure 2B and Figure S1), as well
as the cellular metabolism as per stable ATP activity (Figure 2C). This indicated that no major organ
cytotoxicity is induced by the pilocarpine solution within this clinical range. Therefore, the loaded
nanofibers were fabricated to maximize the amount of pilocarpine up to 20 μg/mL.
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Figure 2. Biological effects in an ex vivo SG model. (A) Ex vivo SG model experimental set up used for
testing the cytotoxicity of pilocarpine and biocompatibility of different nanofiber mats. (B) Glands were
treated with therapeutic concentrations of pilocarpine (Pilo) ranging from 0.1 to 20 μg/mL. All gland
growth index values at day 1 and 3 were normalized to time 0 (baseline). (C) ATP activity (a readout
for gland viability) three days after glands were treated with therapeutic concentrations of pilocarpine
(0.1–20 μg/mL). Error bars represent SD from n = 4. * p < 0.05 and ** p < 0.01 when compared to
positive control without pilocarpine (0 μg/mL). Negative control (-ve CTL) represent glands damaged
by gamma radiation.

2.4.2. Biocompatibility of Nanofiber Mats (Loaded and Unloaded)

To test the biocompatibility of the nanofibers, three different nanofiber discs were produced with
different diameters and with a maximized concentration of pilocarpine (20 μg/mL), as shown in
Figure S1. Then, ex vivo SG were cultured with media supplemented with pilocarpine-loaded and
unloaded discs, and gland viability (a readout of epithelial growth) was quantified in the short and
long term (Figure 3A,B). There was a steady increase in SG viability and growth in all treatment groups
throughout the 5 d of culture. However, the 2 mm pilocarpine-loaded nanofiber mats produced a
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statistically significant lower gland viability across all culture days as compared to the gland with only
media and no treatment provided (+ve CTL).

Figure 3. Biocompatibility of pilocarpine-loaded and unloaded nanofiber mats (PNM and UNM,
respectively) in the ex vivo SG culture model. (A) Bright field images of the growing SG glands at
3.2× magnification. Scale bar: 400 μm. (B) SG epithelial viability (readout for organ biocompatibility)
was supported by unloaded nanofibers and by 0.5 mm and 1 mm loaded nanofibers. Y axis is a ratio
of epithelial bud number at a specific culture time relative to baseline. Error bars represent SD from
n = 4–12. * p < 0.05, when compared to positive control without pilocarpine (+ve CTL) at every culture
day; ns: not significant when compared to “+ve CTL”. Negative control (-ve CTL) represent glands
damaged by gamma radiation. PNM: Pilocarpine nanofiber mats. UNM: unloaded nanofiber mats.

2.4.3. Biological Effects of Pilocarpine-Loaded Nanofiber Mats in SG Cellular Compartments

Next, ex vivo salivary glands treated with pilocarpine-loaded nanofiber mats for 5 d were analyzed
for the expression of cellular proliferation/pro-mitotic (Ki67) and pro-apoptotic (cleaved Caspase 3)
markers, as seen in Figures 4 and 5, respectively. The Ki67 expression confirmed that the epithelial
proliferation significantly decreased, in both the acinar branches and ductal networks, with 2 mm
loaded discs (Figures 4 and 5). These cellular-based findings confirmed the outcomes from the previous
organ toxicity experiments. As for cleaved Caspase 3, the expression of this pro-apoptotic marker was
low (≤0.01%), and no statistical differences were observed between the loaded discs. This suggests
that salivary gland pro-apoptosis is grossly absent in the presence of the pilocarpine-loaded mats
ranging from 0.5 mm to 2 mm, regardless of the pilocarpine amount in such mats.
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Figure 4. Expression of proliferation protein marker (Ki67) in SG after treatment with pilocarpine
nanofiber mats after five culture days in the ex vivo SG model. (A) Fluorescence imaging after whole
gland immunofluorescence staining showing expression of Ki67 in green (pro-mitotic marker), PNA in
pink (peanut agglutinin staining the gland epithelial acini and ductal branched network) and nuclei in
blue. (B) Expression of proliferation/pro-mitotic activity by quantification of Ki67 fluorescence after
normalizing with nuclear counts. Error bars represent SD from n = 4. * p < 0.05 when compared to
positive control. Positive control (+ve CTL) was not treated with nanofiber mats.
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Figure 5. Expression of apoptotic protein marker (Caspase-3) in SG after treatment with pilocarpine
nanofiber mats after five culture days in the ex vivo SG model. (A) Fluorescence imaging after whole
gland immunofluorescence staining showing expression of Caspase-3 in red (apoptotic marker), PNA in
pink (staining the gland epithelial acini and ductal branched network) and nuclei in blue. (B) Apoptotic
activity by quantification of Caspase-3 fluorescence after normalizing with nuclear counts. Error bars
represent SD from n = 4. * p < 0.05 when compared to positive control. Positive control (+ve CTL)
was not treated with nanofiber mat and only had growth media. CTL (irradiated): gamma radiation
treatment was used as a control for Caspase-3 staining since it induces apoptotic damage to the gland.

2.5. In Vivo Saliva Secretion after Intradermal Treatment with Pilocarpine-Loaded Nanofiber Mats versus
Systemic Pilocarpine

Lastly, in vivo hypofunctional SG in an acute model (Figure 6A) were treated with intradermal
applications of pilocarpine-loaded nanofiber mats (0.5 mm-diameter mats were selected based on high
biocompatibility rates ex vivo) and compared with systemic pilocarpine (oral pilocarpine formulation
could be used as per IACUC and mouse model limitations), and the salivary flow rate was determined
to test our novel intradermal application formulation on a daily basis for 24 h (Figure 6B). After
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4.5 h, SG with intradermal pilocarpine-loaded mats significantly increased the saliva secretion when
compared to the systemic pilocarpine (Figure 6B). After 24 h, no difference was noticed between
these two treatment formulations (Figure 6B). Furthermore, the whole gland weight was comparable
between the two formulations indicating no gross changes in SG composition and cellular content
(Figure 6C). Also, no histological differences were found between treatment groups.

Figure 6. Treatment outcomes during daily intradermal applications of 0.5 mm pilocarpine nanofiber
mats versus systemic pilocarpine in an acute in vivo SG model of SG hypofunction. (A) Schematic
drawing of the in vivo SG hypofunction model to induce acute dry mouth for the daily proposed
intradermal treatment with pilocarpine nanofiber mat and conventional systemic administration.
(B) Saliva secretion rate during the first 24 h after daily intradermal application of 0.5 mm-diameter
pilocarpine nanofiber mats (PNM) when compared to systemic pilocarpine (SP). (C) Salivary gland
weight remained unchanged after intradermal application of 0.5 mm pilocarpine nanofiber mats.
Error bars represent SEM from n = 4–5. * p < 0.05 when compared to irradiated group with
systemic pilocarpine only (SP, which represents the positive CTL). IR: irradiated (negative CTL).
nonIR: non-irradiated control group. SGs: salivary glands.

3. Discussion

This study developed a novel localized pilocarpine intradermal drug delivery system supporting
the treatment of xerostomia at a greater extent than systemic pilocarpine. Our electrohydrodynamic
atomization technique supported the production of a homogenous porous mats with a well-distributed
network of electrospun PLGA/PEG nanofibers. Previous ophthalmic pilocarpine formulations used
similar ingredients but a double emulsion fabrication method [24]. This latter method facilitated the
fabrication of loaded nanoparticles, which possessed a pilocarpine encapsulation efficiency of only
57% as compared to 81.1% with our nanofibers. For double emulsion fabrication method, the chaotic
liquid flow in the stirring region often results in spatially non-uniform stress and poor monodispersity,
which is known to lead to low encapsulation efficiency [26]. In contrast, such stirring is not required
in EHDA, and the fabrication is a one-step process as opposed to two-stage, hence minimizing the
loss of drugs. This is also one key feature of the EHDA technique. Unfortunately, the oral/ophthalmic
pilocarpine formulations could not be used in our mouse SG hypofunctional model as per local IACUC
policies and unpredictable survival outcomes.

The nanofiber mats fabricated herein had a homogenous morphology, consistent diameter and
porosity, alike other reports using electrospun fibers (Figure 1A–D) [27–29]. Other methodologies like
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the dropping method in a study by Kao and colleagues [25] revealed the difficulties in controlling
the size of pilocarpine-loaded nanoparticles composed of chitosan and carbopol. In contrast, the
nano-scale diameter of our fabricated pilocarpine-loaded mats was achievable with lesser difficulties
probably due to salts present in the pilocarpine hydrochloride solution used. These salts might have
enhanced the overall solution conductivity leading to nano-scale fiber formation when subjected to
high voltage, as compared to the sub-micron scale of unloaded fiber mats [30].

As for the drug release profile (Figure 1E), a biphasic pilocarpine release in our nanofiber mats
delivery system could be observed. The first phase consisted of an initial burst release of more than
25% within 4.5 h. This initial burst could be associated with the significant amount of drug just
covering the outer surface of the nanofiber mats but not thoroughly encapsulated within, which can be
easily solubilized in a favorable hydrophilic media like PBS. This initial burst may facilitate short-term
localized and targeted formulations such as transdermal or topical (intra-oral as oral rinses). After
4.5 h, there was a slow and controlled drug release phase for up to 28 d of about 52% of pilocarpine.
This secondary release phase may favor pilocarpine applications requiring a longer time in the mouth
such as gel formulations to incorporate over stents or dentures.

Outcomes from the ex vivo study (Figures 3–5) revealed that when exposed to fiber mats, the gland
cellular compartments were all found at a proliferative/pro-mitotic state with negligible pro-apoptotic
activity, indicating that the toxicity of our fiber mats is low and that there is no impairment to the
biocompatibility of the SG organ and its cellular compartment. Hence, this had a positive biological
impact on the epithelial growth of our SG ex vivo model. These low cytotoxicity findings are also
corroborated by other reports using similar materials [25,31].

Current pilocarpine systemic formulations require multiple intakes per day (three times at least)
leading to poor patient adherence to this drug formulation [6,8,12]. On the other hand, our localized
pilocarpine-loaded nanofiber mats could potentially be used as a single-dose daily formulation
containing the therapeutic amount of pilocarpine to enhance saliva secretion when administered
locally via an intradermal, as well as through subcutaneous, transdermal or topical applications
(e.g., oral rinses or gels for dentures). Our in vivo study is the first comparing localized and systemic
pilocarpine formulations for xerostomia (Figure 6). Applying these pilocarpine-loaded nanofiber
mats locally via an intradermal route over the in vivo gland could greatly increase the saliva flow
rate earlier on (4.5 h) when compared to systemic pilocarpine only (Figure 6B). Furthermore, both
in vivo and ex vivo studies confirmed the biocompatibility of the nanofiber mats and supported
the gland homeostasis and secretion. These outcomes make this pilocarpine-loaded nanofiber mats
promising for clinical use once a day since they can readily increase saliva flow well before 24 h (4.5 h
collection time). The long-term effects of these pilocarpine mats are to be explored in different in vivo
SG hypofunction models using a clinically relevant radiotherapy fractionated dose regimen. Despite
this, acute single-dose radiotherapy SG models, like the one used herein, can better induce epithelial
damage promptly within 48 h [32], and are pertinent to study localized short-term effects for our
proposed once daily pilocarpine intradermal mat administration. Pre-clinical trials determining the
pilocarpine release pharmacokinetics are the next step if intradermal applications are to be tested.
If transdermal applications are to be investigated, then further studies are necessary with skin adhesive
patches to assess pilocarpine penetration, partitioning, diffusion and permeation properties [14].

4. Materials and Methods

4.1. Fabrication of Electrospun Nanofiber Mats

PLGA (50:50) (Lactel absorbable polymers, Birmingham, MI, USA) with an inherent viscosity of
0.26–0.54 dL/g was dissolved in acetone (VWR Chemicals, Fontenay-sous-Bois cedex, France) at 30%
(w/v) overnight. A pilocarpine 2% solution (Alcon, Vilvoorde, Belgium) and polyethylene glycol-400
(PEG-400, Sigma-Aldrich, St. Louis, MO, USA) were added to the PLGA solution at PLGA: pilocarpine:
PEG-400 volume ratio of 1: 0.1: 0.002 and the mixture was then sonicated at 30% amplitude (Vibra-cell
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VCX 130, Sonics & Materials, Inc., Newtown, CT, USA) for a minute. For blank (unloaded) formulation,
pilocarpine solution was replaced with distilled water. (Note: this final formulation was chosen after
numerous rounds of optimization, using different solvents (dichloromethane (DCM), acetone, and
ethanol) and mixing ratios/concentrations of each ingredients, to determine the most homogeneous
and stable final polymeric solution/emulsion that does not phase separate. PEG known as a good
surfactant was added to the solution to help increase the homogeneity and stability of emulsion.

After homogenization, solutions were loaded into a 5-mL syringe and the syringe was connected
to the EHDA electrospinning setup to fabricate the fibers. The apparatus setup consisted of a stainless-steel
needle/nozzle of inner diameter 0.72 mm (Popper and Sons, Lake Success, NY, USA), a syringe
pump (KD Scientific, Holliston, MA, USA) to deliver polymer solution to the nozzle, a high voltage
generator (Glassman High Voltage Inc., High Bridge, NJ, USA) to supply voltage to the nozzle via
a crocodile clip, and a collecting stage at ground voltage. Upon steady state condition (i.e., the
formation of Taylor cone at the tip of the nozzle), fiber sheets were collected in a glass Petri dish
that was placed on the collecting stage. The dishes were subsequently wrapped with aluminum
foil (since the drug is light-sensitive) and dried overnight in a vacuum oven to remove the residual
solvent in the fibers. Next day, single-layer fiber sheets or mats were removed from the dishes and
stored at 4 ◦C until use. Single-layer fiber mats were produced with different diameters (0.5, 1 and
2 mm) using a calibrated cylindrical puncher (Integra Miltex, Dutchess, NY, USA) as displayed in
Table S1. This puncher allowed us to uniformly cut the mats to test the ex vivo biological effects with
the different amounts/concentrations of biomaterials/pilocarpine, without changing their physical
structure, fiber diameter, porosity and thickness.

4.2. Physical and Chemical Characterization of Nanofiber Mats

4.2.1. Scanning Electron Microscopy (SEM)

For SEM imaging, SEM metal stubs were placed directly under the Taylor-cone jet during
electrospinning to collect representative fiber mat samples. The metal stubs were then sputter coated
with Platinum (JFC-1300, JEOL, Tokyo, Japan) in vacuum at current intensity of 40 mA for 40 s.
The coated samples were then viewed under the SEM (JEOL JSM 5600LV, Tokyo, Japan) to visualize
the fibers morphology, distribution and pore size. To determine the diameter and porosity of the fibers,
Image J software (NIH, Bethesda, MD, USA) was used.

4.2.2. Drug Loading Capacity and Encapsulation Efficiency

For this purpose, 10 mg of both unloaded and drug-loaded fiber mats were separately dissolved
with 200 μL of DCM. Fibers were then vortexed for 30 s until full dissolution. Next, 5 mL of distilled
water was added to the dissolved fibers, vortexed for 30 s, and centrifuged at 10,000 rpm for 10 min.
Afterwards, the fibers were left for 1.5 h to allow for the separation of the organic and aqueous phases.
Then, 3 mL of samples were collected from the aqueous phase. The samples were then analyzed
for pilocarpine concentration by UV-Vis spectrophotometry (UV 1800, Shimadzu, Japan) at 215 nm
(greatest sensitivity and maximum absorbance values; results not shown), with a standard curve having
a good linear fitting (R2 = 0.9965) within the pilocarpine concentration range of 5–40 μg/mL [33].
Unloaded fibers were used as the blank/reference in this analysis. These experiments were conducted
in triplicate. Drug loading capacity was calculated using the following formula: (drug weight/(drug
weight + PLGA weight + PEG-400 weight)) × 100%. The encapsulation efficiency (EE) was quantified
using the following formula as per previous report (Kao, Lin et al. 2006): EE = [(Total pilocarpine-Free
pilocarpine amount)/Total pilocarpine amount)] × 100%.

4.2.3. Degradation Studies for the Pilocarpine Solution

The pilocarpine solution was tested for degradation in diluents such as 1× phosphate buffered
saline (PBS) and ultra-pure water (MilliQ water, Sigma-Aldrich, Saint Louis, MO, USA) as this is
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essential to validate the drug release experiments in vitro [33,34]. For this purpose, pilocarpine solution
was dissolved in 5 mL MilliQ water and 1x PBS to have a final concentration of 40 μg/mL. Solutions
were vortexed for 30 s and placed in the rotary incubator at 37 ◦C, 100 rpm. At pre-determined time
intervals (4.5 h, 1 d, 2 d), 3 mL of the drug solutions (in the different diluents) were drawn and analyzed
within a wavelength ranging from 200 nm to 300 nm in the UV-Vis spectrophotometer. Reference
samples of pure MilliQ water and 1× PBS only were used to blank the pilocarpine containing solutions.

4.3. Pilocarpine Drug Release Analysis from Loaded Nanofiber Mats

Fabricated nanofiber mats (pilocarpine-loaded and unloaded) weighing 20 mg each were used to
analyze the drug release in vitro in the short and long term. Then, 20 mg fibers were placed in 4 mL of
1× PBS (pH 7.4) in 15-mL Falcon tubes. Tubes were vortexed for 30 s and placed in an orbital shaker
bath (GFLVR 1092, Burgwedel, Germany) at 37 ◦C, 100 rpm. At pre-determined time intervals (4.5 h,
and 1, 2, 3, 5, 6, 9, 12, 15, 19, 23, and 28 d), the tubes were subjected to centrifugation at 10,000 rpm for
10 min. After centrifugation, the supernatant (3.3 mL) was carefully collected from each tube into a
new tube and stored at −20 ◦C for further pilocarpine quantification. Fresh 1× PBS (3.3 mL) was then
added to the original sample tubes, vortexed for 30 s and placed back in the incubator. This procedure
was repeated for all collection time points. Three biological replicates were run for both unloaded
and loaded nanofibers for each time point. The pilocarpine concentration in the collected samples
was again measured by UV-Vis spectrophotometer as described above. For each collection time point,
the average absorbance readings of the unloaded nanofiber were subtracted from each of the loaded
nanofibers, and then these were added up to calculate the cumulative drug release since the first
collection time at 4.5 h.

4.4. Ex Vivo SG Organ Culture Studies

4.4.1. SG Organ Culture Model

Pregnant ICR mice were used as per the approved National University of Singapore IACUC
protocol no. 2014-00306. Mice at embryonic day 15, after epithelial differentiation occurs to become an
adult organ, were selected. Major salivary glands including submandibular and sublingual glands were
isolated from ICR mouse embryos using a microdissection technique under a stereozoom microscope
(M80, Leica, Wetzlar, Germany) as per previous reports [35,36]. The glands were then placed onto
polycarbonate filter papers (Whatman™ Nuclepore™ Track-Etched Polycarbonate Membrane Filter,
Sigma-Aldrich, Saint Louis, MO, USA). A growth medium was added (200 μL per culture plate), which
was composed of DMEM/F12 media, penicillin-streptomycin (1% v/v), vitamin C (0.2% v/v), and
transferrin (0.02% v/v) (Thermo Fisher Scientific, Waltham, MA, USA). Four whole salivary glands
were cultured per treatment group and incubated at 37 ◦C with 5% CO2.

4.4.2. Cytotoxicity of Pilocarpine

The gland growth media of the ex vivo organ culture was supplemented with clinically relevant
concentrations of pilocarpine ranging from 0.1 to 25 μg/mL. The cultures were then incubated as
previously. Epithelial cellular growth was analyzed at baseline (t0), day 1 and day 3 by taking bright
field microscopy images at 3.2× magnification with the above stereozoom microscope set up. The total
number of epithelial buds per gland was quantified from those images using Image J (NIH). The growth
index for each gland was determined by normalizing the number of epithelial buds at day 1 and day 3
to the ones at baseline [36]. The growth index was used as a readout for organ cytoxicity. The positive
control glands were those grown with the growth media only (without pilocarpine supplementation).
The negative control glands were glands subjected to cytotoxic damage by gamma rays (7 Gy dosage)
at baseline.
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4.4.3. Biocompatibility of Nanofiber Mats

Punched nanofiber mats measuring 0.5, 1, and 2 mm were sterilize d under UV light for at least
6 h before utilization. To test the biocompatibility, mats were added to the growth media in the ex
vivo SG organ cultures. These cultures were incubated for 5 d, and at each day, the viability index
that measures epithelial cellular growth was determined for each gland as described above. Same
positive and negative controls glands were used as before. Unloaded discs were used to make sure the
unloaded nanofibers by itself are not causing any organ cytotoxicity. Three independent biological
experiments were performed and four whole glands were used for each experiment.

4.4.4. Salivary Gland Cellular Analysis for Proliferation and Apoptotic Activity

Whole-mount immunofluorescence staining was used to evaluate and quantify the proliferative
and apoptotic cell subpopulations in the ex vivo SG organ culture according to previous protocols [25,26].
Briefly, whole SG treated for 5 d with loaded nanofibers discs (0.5, 1, 2 mm in diameter) from the
previous experiments were fixed in 4% paraformaldehyde followed by 1× PBS washing steps. Then,
fixed glands were permeabilized, and blocked using 10% donkey serum and 5% bovine serum albumin
for 2 h. This was followed by overnight incubation at 4 ◦C with primary antibodies anti-Ki67 (1:200
dilution, Cat no. 556003, BD Pharmingen, San Jose, CA, USA) and anti-cleaved Caspase 3 (1:200
dilution, Cat no. 9664S, Cell Signalling, Danvers, MA, USA). After washing, incubation with respective
secondary antibodies followed (1:200 dilution, Alexa Fluor 488 and Alexa Fluor 635, Thermo Fisher
Scientific). Rhodamine-labelled peanut agglutinin (1:200 dilution, Vector Lab, Burlingame, CA, USA)
was used to stain the acinar and ductal branched epithelial structures of each gland. A nuclear
fluorescent dye (Hoechst 33342, Invitrogen, Carlsbad, CA, USA) was used to counterstain the nuclei.
Whole glands were then mounted on glass slides in resin mounting media using spacers to avoid gland
crushing by glass slide. Slides were visualized, scanned and analyzed with Leica DMI-8 fluorescence
microscope with a z-motorized axis and Leica LAS-X software (Leica Microsystems, Wetzlar, Germany)
to obtain a z-stack of images for each gland with 20 μm z-steps. Maximum intensity projections were
further produced at 10× and 20× magnifications. Automated cell counts for each gland z-stack were
done using Image J (NIH, USA) for immuno-fluorescently labeled Ki-67+ and Caspase 3+ cells, and
for all cells stained with the nuclear dye. Ki-67+ and Caspase 3+ cell counts for each gland were
normalized to the total number of cells (stained with the nuclear dye).

4.5. In Vivo SG Hypofunctional Model

To generate hypofunctional SG with xerostomia measurable signs, a single acute dose of gamma
radiation (30 Gy) was given to eight-week-old C57BL/6 mice as per a published protocol [37].
This protocol was approved by the National University of Singapore IACUC application no. 2014-00306.
All in vivo experiments complied with the ARRIVE guidelines and were carried out in accordance with
the National Institutes of Health guide for the care and use of laboratory animals (NIH Publications
No. 8023, revised 1978). Animals were housed in a climate- and light-controlled environment and
allowed free access to food and water at the bottom of the cage. One day after radiation was delivered,
our localized pilocarpine nanofiber formulation was administered over the submandibular glands
(via an intradermal route) and compared with systemic pilocarpine (via an intraperitoneal route,
Sigma). The oral pilocarpine clinical formulation (available in the market) could not be given according
to the IACUC committee, due to the unpredictability and life-threatening adverse side effects in
rodents. The following experimental mouse groups were tested on a daily basis as per the acute
SG dry mouth model: (A) Non-irradiated control (nonIR, n = 3); (B) Irradiated control (IR, n = 5);
(C) Irradiated and treated daily with 0.5 mm diameter pilocarpine-loaded nanofibers (PNM, n = 5), the
ones that performed effectively in the ex vivo biocompatibility tests; (D) Irradiated and treated daily
with systemic pilocarpine as a positive/conventional control treatment (SP, n = 5). Intraperitoneal
ketamine (10 mg/mL) and xylazine (1 mg/mL) were administered before the treatment was delivered
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to minimize animal discomfort. As for the nanofiber composition and formulation, the sterilized ones
used in the abovementioned ex vivo studies were administered here: first these were placed in a
syringe vessel with a 21G needle, and a sterile PBS 1× solution was added as a vehicle.

Whole stimulated saliva was collected at 4.5 h and 24 h after nanofiber administration. Saliva was
extracted by capillarity every 3 min for 15 min using a 75-mm hematocrit tube (Drummond, Scientific
Company, Broomall, PA, USA) [38]. These tubes were then placed in 1.5-mL pre-weight Eppendorf
tubes, which were then weighed to determine the saliva secretion rate. To determine the percentage of
secreted saliva relative to the control (NonIR), the saliva secretion rate was normalized to the average
of saliva secreted by the NonIR group. Submandibular glands were surgically removed and freshly
dissected in a stereozoom microscope and their weight was measured before fixation. Glands were
then fixed with paraformaldehyde 4% overnight at 4 ◦C in a rotating shaker, followed by several
washing steps with PBS and incubation with 30% cold sucrose (w/v) solution in 0.01 M PBS for 3–4 d.
Then, after paraffin embedding, 4-μm gland sections were made and stained with hematoxylin and
eosin and visualized with bright-field microscopy at 20–40× magnification.

4.6. Statistical Analysis

Data are presented as mean ± standard deviation (SD) from 3–12 independent samples, except for
the in vivo experiments, where the standard error of the mean (SEM) was used. All statistical analyses
were conducted using Prism version 6 (GraphPad Software, Inc., San Diego, CA, USA). All datasets
were tested for normality. Student t-tests were performed for two-group comparison: unpaired with
Welch correction for in vivo study outcomes, or paired for time-dependent experiments for drug
release profile experiments. A one-way ANOVA with Dunnet post hoc tests for comparison of three or
more experimental groups with a positive control for the case of ex vivo studies. The significance level
for all experiments was set at p < 0.05.

5. Conclusions

In this study, the ultimate aim was to determine whether an intradermal pilocarpine-loaded
PLGA/PEG nanofiber mat can be utilized to release pilocarpine while supporting the SG organ
viability and stimulating saliva secretion.

The intradermal pilocarpine-loaded nanofiber mats ranging from 0.5 to 1 mm diameter induced
the highest SG growth and cell proliferation with negligible cytotoxicity (apoptosis) in ex vivo SG
models. In the acute dry mouth in vivo model, the daily intradermal application of 0.5 mm diameter
pilocarpine-loaded nanofiber mats stimulated a higher saliva secretion before 24 h as compared to the
conventional systemic pilocarpine. After 24 h, saliva secretion was comparable to systemic pilocarpine.

Thus, this pilocarpine delivery system is promising for potential clinical use as an intradermal
formulation for the early and prompt treatment of xerostomia before and after 24 h of application. These
formulations will be particularly useful in patients who have poor saliva secretion with conventional
saliva stimulants.
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Abstract: The retention of laser-sintered cobalt-chromium (Co-Cr)-based crowns were examined
after dentin pretreatment with desensitizing paste containing 8% arginine and calcium carbonate
(DP-ACC). Forty lower first molars were prepared using a standardized protocol. The Co-Cr crowns
were produced using selective laser melting. The teeth were either pretreated with the desensitizing
paste or not pretreated. After one week, each group was cemented with glass ionomer cement (GIC)
or zinc phosphate cement (ZPC). Surface areas of the teeth were measured before cementation. After
aging, a universal testing machine was used to test the retentive strength of the cemented crown-tooth
assemblies. The debonded surfaces of the teeth and crowns were examined at 2.7× magnification.
Pretreating the dentin surfaces with the desensitizing paste before cementation with GIC or ZPC did
not affect the retention of the Co-Cr crowns. The retention of the GIC group (6.04 ± 1.10 MPa) was
significantly higher than that of the ZPC group (2.75 ± 1.25 MPa). The predominant failure mode
for the ZPC and the nontreated GIC group was adhesive cement-dentin failure; for the treated GIC
group, it was adhesive cement-crown failure. The desensitizing paste can be safely used to reduce
post-cementation sensitivity without reducing the retentive strength of Co-Cr crowns cemented with
GIC or ZPC.

Keywords: desensitizing paste; dentin; retention; cements; cobalt-chromium

1. Introduction

Dentin hypersensitivity following tooth preparation and cementation of fixed partial dentures
(FPDs) has been a common phenomenon [1]. Post-cementation complaints from patients are received
for 20 to 30% of crowns inserted [2], and this rate remains at 6% and 3% after two and three years,
respectively [3]. There are several explanations for this postoperative sensitivity. One outcome of
aggressive tooth preparation is an increased number of opened and expanded dentinal tubules [4,5].
This condition is further aggravated by inadequate provisional restorations and removal of the smear
layer due to acid etching induced by the cements [6]. Porcelain fused to metal (PFM) restorations, for
example, are most commonly luted with zinc phosphate or glass ionomer cements (GICs), which are
acidic in nature [7].

In an effort to control postoperative sensitivity, various desensitizing agents have been used to seal
dentinal tubules before crown cementation; however, the literature is inconsistent regarding the effects
of these agents on the retentive strength of FPDs. Sailer et al. [8,9] and Stawarczyk et al. [10,11] showed
that glutaraldehyde/HEMA pretreatment and resin sealing of dentin following tooth preparation
had a beneficial effect on the shear bond strength of self-adhesive resin cement. Other studies have
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reported that dentin desensitizing by means of glutaraldehyde-containing primers or dentin sealing
by means of bonding agents did not affect the bond strength of the cements tested [12,13]. On the
other hand, several studies have demonstrated that these agents decrease crown retention to some
extent [14,15]. Aranha et al. [16] showed that specimens treated with dentin desensitizers (except
Gluma) yielded significantly lower mean bond strengths than nontreated control specimens.

Recently, a new in-office Colgate Sensitive Pro-Relief Desensitizing Paste containing 8% arginine
and calcium carbonate (DP-ACC) was shown to provide immediate and lasting relief from dentin
hypersensitivity [17–21]. No significant difference in the bonding strength of composites to enamel
or dentin pretreated with this desensitizing paste has been reported [22–24]. In addition, pretreating
dentin surfaces with DP-ACC prior to cementation did not affect the retention of complete cast metal
crowns luted with a glass ionomer cement (GIC) [25] or the retention of zirconium oxide crowns luted
with a resin-modified GIC or a self-adhesive resin cement [26].

Recently, a new additive manufacturing technology operated by computer-aided design and
computer-aided manufacturing (CAD/CAM), referred to as selective laser melting (SLM) technology,
has been introduced for fabricating cobalt-chromium (Co-Cr) frameworks for PFM crowns. Co-Cr
crowns produced with SLM exhibit a marginal and internal accuracy that is comparable to that of
conventional production procedures but save time and facilitate laboratory procedures [27–29].

No information has been found in the literature concerning the influence of pretreating dentin with
DP-ACC on the retentive strength of Co-Cr crowns produced by the SLM technology and cemented by
zinc phosphate cement (ZPC) and glass ionomer cement (GIC), which are the most frequently used
cements for luting metal-based restorations.

The aim of this in vitro study was to evaluate the effect of the pretreatment of dentin with DP-ACC
on the retentive strength of SLM Co-Cr copings cemented by ZPC and GIC. The null hypotheses were
as follows: (1) the retentive strength of the SLM Co-Cr copings cemented by ZPC and GIC to human
extracted teeth is not affected by DP-ACC, and (2) the retentive strength of the two cements is similar.

2. Results

The retentive strength (mean, SD) of the treated and untreated cementation groups are presented
in Table 1. Pretreating the dentin surfaces with DP-ACC prior to cementation with either GIC or ZPC
did not affect the retentive strength of the Co-Cr copings (p = 0.780). The retention obtained with Fuji I
capsules (GIC) was significantly (p = 0.001) higher than that obtained with Harvard Cement OptiCaps
(ZPC). The interaction between cement and dentin treatment was not significant (p = 0.208).

Table 1. Mean (SD) retentive strength (MPa) of the cobalt-chromium-based crown for all cementation groups.

Cement Type Treatment Sample No. Mean Retentive Value (MPa) Standard Deviation

GIC
1 10 6.39 1.06
2 10 5.73 1.10

Total 20 6.04 1.10

ZPC
1 10 2.39 0.99
2 10 3.10 1.44

Total 20 2.75 1.25

Total
1 20 4.29 2.27
2 20 4.41 1.83

Total 40 4.36 2.03

Treatment: 1, Without pretreatment with DP-ACC (control); 2, With pretreatment with DP-ACC.

Examination by magnifying glasses of the failure mode after the dislodgment of the crown
revealed that for ZPC, the predominant failure mode was adhesive cement-dentin failure. In 85% of
the surfaces, all (53%) or part (32%) of the surface of the crown was covered with cement, and the rest
were detected on the dentin (Figure 1). This mode of failure was consistent regardless of whether the
dentin was pretreated with DP-ACC or not. In the GIC group, the predominant failure mode was
adhesive cement-crown failure. In 62% of the surfaces, all (40%) or part (22%) of the surface of the
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dentin was covered with cement, and the rest were detected on the crown (Figure 1). This failure
mode was inconsistent between the groups. In the nontreated group, more surfaces exhibited the
adhesive cement-dentin mode of failure; in the treated group, more surfaces exhibited the adhesive
cement-crown mode of failure (Figure 1). Cohesive cement failure was barely seen in all groups, while
cohesive dentin failure did not occur.

 
Figure 1. Distribution of failure modes (number of surfaces) for each cementation group.

Scanning electron microscopy (SEM) images of the dentin surfaces illustrating the various modes
of failure are presented for the ZPC (Figure 2a–c) and GIC (Figure 3a,b) groups. Figure 2a–c illustrates
the mixed mode of failure, whereas most of the dentin surface exhibits longitudinal striations of the
bur, with a small part covered with the ZPC. This type of failure was consistent in the untreated (A,B),
as well as the treated (C) ZPC groups.

Figure 3a,b illustrates the adhesive crown cement mode of failure, with most of the dentin surface
covered with cement. This mode of failure was typical of the treated GIC group.
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Figure 2. A–C (ZPC group). Scanning electron microscopy image of the untreated (A,B) and treated
(C) dentin surfaces after failure illustrating the mixed mode of failure; the majority exhibited adhesive
cement-dentin failure, while most of the dentin surface exhibited longitudinal striations of the bur,
with only a small part covered with cement (ZPC). This type of predominantly adhesive cement-dentin
failure was typical of the ZPC group.
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Figure 3. A,B (GIC group). Scanning electron microscopy images of the treated dentin surface after
failure. (A) Most of the dentin surface is covered with cement (30×), and only a small part of the dentin
is exposed (d), demonstrating the striations of the bur. (B) At greater magnification (170×), craze lines
in the cement layer caused by the dehydration process are evident.

3. Discussion

Colgate Sensitive Pro-Relief Desensitizing Paste contains arginine, bicarbonate, and calcium
carbonate and is highly effective in occluding dentin tubules, as was previously demonstrated by
confocal laser scanning microscopy (CLSM) and SEM [30]. This paste has been shown to physically plug
and seal exposed dentin tubules and to effectively provide dentin hypersensitivity relief [31], which
has been reported to last for up to 28 days and to reduce the post-preparation and post-cementation
sensitivity of vital teeth that serve as abutments for FPDs; however, this treatment may be advocated
only if retentive strength is not affected [20].

In the current study, the retention of cobalt-chromium-based (Co-Cr) copings was tested one week
after dentin pretreatment with DP-ACC in order to resemble a period of reevaluation prior to final
cementation. The luting agents used in this study were GIC and ZPC. Both cements are acid-base
materials associated with post-cementation sensitivity, which can last for a week [32]. GIC and ZPC
are popular choices for luting metal-based restorations. GIC relies on both the mechanical retention
to surface irregularities and the chelation to calcium in the tooth structure, while ZPC relies only on
mechanical retention to both dentin and crown surfaces [33,34]. GICs are naturally adhesive to dentin;
initially due to the presence of polyacrylic acid, forming hydrogen bonds between the free carboxyl
groups and the strongly bound water layers residing on the surface of the dentin. Subsequently they
are gradually replaced by ionic bonds involving mainly calcium in the mineral phase at the surface of
the dentin and carboxylate groups in the cement. Imaging of dentin surfaces treated with DP-ACC
reveals surface coverage including the tubule orifices. This surface coverage may thus interfere with the
interaction of the cement with the mineral phase of the surface dentin as well as block the longitudinal
striations of the bur and, thus, impair both the micromechanical and chemical mode of action of the
cements, affecting the bond strength/retention.

The current results support the first null hypothesis of the study, implying that pretreatment with
DP-ACC would have no effect on the retentive strength of SLM Co-Cr crown copings cemented to
human extracted teeth with GIC or ZPC. Our results are in agreement with those of another study that
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demonstrated that pretreating dentin surfaces with DP-ACC prior to cementation did not affect the
retention of complete cast metal crowns luted with GIC [25]. Moreover, in the aforementioned study,
pretreatment with DP-ACC showed the best retention of complete cast metal crowns compared to
all other dentin desensitizers tested. Pilo et al. [26] showed the same results with zirconium oxide
(Y-TZP) crowns luted with either resin-modified glass ionomer cement (RMGIC) or self-adhesive resin
cement (SARC).

Our second null hypothesis was rejected because the retentive strength of GIC was significantly
higher than that of ZPC. This conclusion is in accordance with a previous study of Wiskott et al. [35]
demonstrating that crowns luted with resin composite cement and GIC were more resistant to dynamic
lateral loading than those luted using ZPC. On the other hand, Gorodovsky et al. [36] reported no
significant difference between the retention of zinc phosphate and that of glass ionomer. A review of
the research of different cements did not reveal a consistent conclusion about the retentive strength of
GIC in comparison with that of ZPC. Some studies showed a higher retentive strength for ZPC, and
others reported a higher retentive strength for GIC; some showed no significant difference between
the two cements [33]. However, it should be noted that all the aforementioned ZPC studies used the
classic Harvard Cement normal setting, whereas in the current study, the newer Harvard Cement
OptiCaps was used. The latter is the capsulated version intended to overcome mistakes in mixing
and dosing. It has been shown that Vickers hardness increases with more powder with a rise in mean
values following an exponential curve ranging between 34 and 66 MPa [37]. Comparison studies
between hand-mixed and capsulated ZPC have not been reported yet.

The lack of effect on the retentive strength of ZPC from DP-ACC was also verified by an absence of
change in failure mode, which was mainly adhesive cement-dentin failure. This finding implies that all
or most of the crown was covered by ZPC, probably due to surface irregularities of the intaglio of the
Co-Cr copings. In the GIC group, the predominant failure mode was adhesive cement-crown failure.
This finding implies that all or most of the dentin was covered by GIC, probably due to the chemical
interaction between the calcium in the mineral phase at the surface of the dentin and carboxylate
groups in the cement, implying that in spite of the surface coverage by the DP-ACC, many calcium ions
are still available for bonding. Although the DP-ACC did not affect the retentive strength, the failure
mode varied between the groups; in the nontreated group, most of the cement remained on the crown,
while in the treated group, most of the dentin was covered with cement. These differences might
be explained by chelation between the polyalkenoic chains in GIC also with the calcium carbonate
contained in the DP-ACC, which physically plugs and seals exposed dentin tubules.

This is an in vitro study, hence, the subjective desensitizing effect of the DP-ACC on vital teeth
prepared for FPD must be validated in clinical studies before being recommended for use.

4. Materials and Methods

The study sample comprised forty freshly extracted, caries-free, intact lower first molars that
were extracted for periodontal reasons (age range 40–60). Approval from the Ethics Committee of Tel
Aviv University was obtained (#21-08-16), and all individuals signed an informed consent.

The teeth were stored in a germ-free 0.1% thymol tap water solution at room temperature for
a maximum of two weeks until experimentation. Each tooth was suspended in the middle of an
aluminum ring and was mounted 2 mm apical to the cementoenamel junction (CEJ) in poly(methyl
methacrylate) resin (Quick resin, Ivoclar, Schaan, Liechtenstein) after notching the roots for retention
purposes. The mounted teeth were stored in tap water at room temperature at all times.

A standardized protocol yielding an axial height of 5 mm and a 10◦ taper was followed for
preparation. The occlusal surface was sectioned perpendicular to the long axis with a water-cooled
precision saw (Isomet Plus, Buehler, IL, USA). A 0.4-mm, 360◦ chamfer finish line located 1 mm above
the CEJ with a 10◦ taper preparation was obtained by a rigidly secured, high-speed handpiece equipped
with a diamond bur (C1-Strauss, Ra’anana, Israel) mounted on a custom-designed, surveyor-like
apparatus. A new diamond bur was used for each tooth.
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The prepared teeth were digitally scanned by a laboratory scanner (Series 7, Dental Wing,
Letourneux, Montreal, Canada) operated by blue light and equipped with five axes of rotation,
and STL files were obtained. Forty Co-Cr copings were produced using an SLM system (Eosint M
280, EOS, Krailling, Germany) at a commercial dental laboratory (MS Systems, Or Yehuda, Israel).
The CAD-CAM Co-Cr cores were 1.0 mm thick with a 50 μm virtual cement spacer layer. To facilitate
tensile loading, an occlusal loop (4-mm outer diameter and 2-mm inner diameter) was designed
extending coronally from the occlusal surface [38]. The teeth were randomly assigned to two groups
(2 × 20). In one group, the dentin surfaces were pretreated with DP-ACC using prophy cups under
light pressure according to the manufacturer’s recommendations. In the second group (the control
group), the dentin surfaces were not pretreated. After placing the Co-Cr copings on each tooth, they
were stored at 37 ◦C under 100% humidity for one week, resembling a period of reevaluation prior
to final cementation. Two luting cements were evaluated (2 × 10) in each group: a GIC (GC Fuji
I Capsule, GC, Tokyo, Japan) and a ZPC (Harvard Cem OptiCaps, Harvard Dental International,
GmbH). The areas of the axial and occlusal surfaces of each prepared tooth were measured prior to
cementation, as previously described [38]. The cements were used according to the manufacturer’s
recommendations. Cementing each crown to its tooth was conducted in a standardized manner under
a constant load of 50 N (Force gauge, FG 20, Lutron, Taiwan) for 10 min and then allowed to set for
24 h.

The cemented crown-tooth assemblies were stored in tap water at 37 ◦C for two weeks, followed
by thermal cycling between water temperatures of 5 and 55 ◦C for 5000 cycles with a 10 s dwell
time (Y. Manes, Tel-Aviv, Israel). After thermal cycling, the crown-tooth assemblies were subjected
to dislodgment forces through a 1.2-mm diameter metal cable entangled through the occlusal loop
along the apico-occlusal axis using a universal testing machine (Instron, Model 4502, Instron Corp.,
Buckinghamshire, UK) at a crosshead speed of 1 mm/min until failure. The force at dislodgment
was recorded and divided by the total surface area of each prepared sample to yield the retention
value (Pa).

The debonded surfaces of the teeth and crowns were examined with magnifying glasses at 2.7×
magnification (Orascoptic, Middleton, WI, USA). Each surface of the dentin-crown interface was
analyzed separately (five surfaces per tooth). Failure was classified based on the criteria presented in
Table 2.

Table 2. Classification of failure criteria.

Classification Description Criteria

1 Cement principally on crown surface Adhesive cement-dentin
2 Cement principally on dentin surface Adhesive cement-crown
3 Cement equally distributed on dentin & crown surfaces Cohesive cement
4 Mixed mode Adhesive & cohesive cement
5 Fracture of the tooth Cohesive dentin

A separate analysis was performed for each matched Co-Cr tooth surface (buccal, lingual, mesial,
distal, and occlusal). For each category, the number of surfaces was counted and presented as a
percentage of all the surfaces for the specific cement.

To analyze the dentin surfaces, the debonded surfaces of some teeth representing different
failure categories from each group were examined under an SEM (Quantum 2000) in high vacuum
mode following gold sputter-coating. The acquisition conditions were as follows: 25 kV, 90 μA and
40–1000× magnification.

122



Int. J. Mol. Sci. 2018, 19, 4082

Statistical Analysis

Retentive strength was evaluated using two-way analysis of variance (ANOVA) with repeated
measures; cement (n = 2) and pretreatment (n = 2) were the independent variables. The level of
significance was 0.05.

5. Conclusions

An 8.0% arginine and calcium carbonate in-house desensitizing paste can be safely used on dentin
to reduce post-cementation sensitivity without compromising the retention of SLM Co-Cr crowns
cemented with either ZPC or GIC.
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Abstract: For the guided regeneration of periimplant hard and soft tissues, human adipose-derived
stromal cells (hADSC) seem to be a promising source for mesenchymal stromal cells. For this,
the proliferation and differentiation of hADSC were evaluated on titanium and zirconia dental
implants with different surface treatments. Results were compared to edaphic cells as human
osteoblasts (hOB) and human gingival fibroblasts (HGF). Primary cells were cultured on (1) titanium
implants with a polished surface (Ti-PT), (2) sandblasted and acid-etched titanium (Ti-SLA),
(3) sandblasted and alkaline etched zirconia (ZrO2-ZLA) and (4) machined zirconia (ZrO2-M). The cell
proliferation and differentiation on osteogenic lineage were assessed after 1, 7 and 14 days. Statistical
analysis was performed by one-way ANOVA and a modified Levene test with a statistical significance
at p = 0.05. PostHoc tests were performed by Bonferroni-Holm. Zirconia dental implants with rough
surface (ZrO2-ZLA) showed the highest proliferation rates (p = 0.048). The osteogenic differentiation
occurred early for zirconia and later for titanium implants, and it was enhanced for rough surfaces in
comparison to polished/machined surfaces. Zirconia was more effective to promote the proliferation
and differentiation of hADSCs in comparison to titanium. Rough surfaces were able to improve the
biological response for both zirconia and titanium.

Keywords: hADSC; tissue regeneration; implants; titanium; zirconia

1. Introduction

The treatment of periimplant bone defects usually requires a reconstructive surgical procedure,
with autogenous bone or biomaterial-based bone grafting to stimulate bone regeneration [1–3].
Despite the favorable clinical results showed by these techniques, disadvantages arise, such as high
morbidity, limited availability and risk of infection [2–4].

Bone regeneration pathway involves the proliferation and differentiation of mesenchymal stem
cells into the osteogenic lineage [5]; thus, bone tissue engineering makes it a suitable option to treat
periimplant defects. The application of osteogenic cells in combination with physiological components
involved on bone remodeling have shown improved outcomes in comparison to biomaterials alone [3].

A promising source for the stem cells is the adipose tissue, since it is easily collected using a low
invasive approach. Human adipose-derived cells (hADSCs) differentiate into osteogenic and angiogenic
lineage and represent for potential bone regeneration [6]. Additionally, extrinsic and intrinsic osteogenic
inducers are recommended to optimize the culture environment and increase the cell regeneration
potential [7,8]. Nonetheless, the imperative need of this osteogenic inducer is unclear and the efficacy of
osteogenic differentiation without the use of an osteogenic medium has been assessed [9].
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The cell biological response in periimplant defects is influenced by the dental implant material and
surface [10–13]. Hempel et al. [10] showed a greater cell proliferation and differentiation on zirconia
than titanium. A rough surface improved and accelerated the osteogenic response, by increasing the
surface area to mimic the bone morphology [11–15].

Previous studies showed the osteoinduction and osteoconduction capability of hADSCs [16,17],
however, the influence of the dental implant material and surface treatment has not yet been well
established. The present study evaluated the proliferation and differentiation of hADSCs over titanium
and zirconia with various surface treatments. The hADSCs were cultured without inducing factors
and their biological response was evaluated using human primary osteoblasts (hOBs) and human
gingiva fibroblasts (HGF).

2. Results

2.1. Cell Viability

Cell viability among experimental and control groups after 14 days is shown in Figure 1.
Zirconia dental implants with a rough surface showed the highest vitality (p = 0.022) and proliferation
rates (p = 0.041). Rough surfaces showed better results compared to polished or machined surfaces.
Titanium implants showed higher cytotoxicity than zirconia dental implants (p = 0.0016), although minor,
and did not affect the cell viability.

Figure 1. Cont.
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Figure 1. Cell Viability at day 14 correlated to control for human osteoblasts (hOB), human gingival
fibroblasts (HGF), and human adipose-derived stromal cells (hADSC) (a) cell vitality p = 0.021;
(b) proliferation rate, p = 0.041, (c) LDH release factor, p = 0.0016; standard abbreviation as error marks.

2.2. Expression of Stem Cell and Osteogenic Marker

Figure 2 shows the change in stem cells markers compared to day 1 (p = 0.04). Gene expression
of stem cell markers differed strongly between zirconia and titanium implants (PostHoc analysis
p = 0.017). For zirconia, gene expression was lower and decreased from day 7 to day 14. In contrast,
for titanium and the control group, gene expression was higher and increased from day 7 to day 14
(Figure 2).

Figure 2. Fold change of stem cell marker compared to day 1 (ANPEP p = 0.038, CD44 p = 0.18,
THY1 p = 0.004, ALP p = 0.17; standard abbreviation as error marks).

Figure 3 shows the change of osteogenic marker compared to day 1 for hADSC (p = 0.0083)
and hOB (p = 0.022). Gene expression of RANKL was not detectable in any sample. Expression of
osteogenic markers did not show a consistent picture, unlike the stem cell marker. In hOB, expression
of RUNX2 and osteoprotegerin increased from day 7 to day 14 with a low fold change, and expression
of osteopontin remained constant (Figure 3). In hADSC, expression of osteogenic marker increased

129



Int. J. Mol. Sci. 2018, 19, 4033

strongly and fold change was stronger on rough surfaces except for RUNX2 on zirconia dental
implants. Changes in expression of osteocalcin were remarkable, because no dexamethasone was
added to hADSC. Expression of osteocalcin increased strongly, whereas the expression in hOB remained
constant (Figure 3).

Figure 3. Fold change of osteogenic markers compared to day 1 (RUNX2 p = 021 for hADSC, p = 0.135 for
hOB; osteoprotegerin p = 0.011 for hADSC, p = 0.008 for hOB; osteopontin p = 0.07 for hADSC, p = 0.024
for hOB, osteocalcin p = 0.024 for hADSC, p = 0.25 for hOB; standard abbreviation as error marks).

3. Discussion

Zirconia implants showed higher cell viability than titanium implants. From all groups, zirconia
dental implants with a machined surface showed the greatest metabolic activity and differentiation.
The potential of zirconia to stimulate the osteogenic differentiation was confirmed by the decrease of
stem cell markers over time, on rough and machined surfaces, which indicated the trans-differentiation
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into osteogenic lineage. This effect was not observed for the titanium implants. Similar findings have
been reported by Hempel et al. [10], who showed that the metabolic activity was significantly greater
for zirconia than for titanium implants 24 and 48 h after plating. Zirconia dental implants seem to be
capable of inducing cell proliferation and accelerating the differentiation toward osteogenesis.

The findings of the present study showed that RUNX2 (the master regulator of osteoblast
differentiation) was early expressed in hADSCs over zirconia surfaces. Expression of RUNX2 takes
place at an early stage of osteogenic differentiation, followed by the inhibition of the process at later
stages [18]. As the expression of RUNX2 was not significant for zirconia dental implants after 14 days,
it was assumed that the differentiation occurred predominantly during the first 24 h, and remained
constant on the following days.

According to Carinci et al. [19], zirconia materials are correlated with an early gene expression,
which occurs within the first 24 h of stimulation. Similar findings were shown by Altmann et al. [20],
whose osteogenic marker RUNX2 had higher levels on zirconia after 1 and 7 days. The authors claimed
that this response was not only time-dependent, but a function of biomaterial. This hypothesis was
confirmed in the present study, since the differentiation of hADSCs was different between titanium and
zirconia implants. The titanium implants showed a late response for cell differentiation, resulting in a
higher change on the expression of osteogenic markers after 14 days. The late response of titanium
to cell viability and differentiation in comparison to zirconia implants had already been shown in
previous studies [10,21].

The same hypothesis may be applied to the surface treatment [22]. In this study, rough surfaces
showed an early expression of osteogenic markers compared to smooth surfaces. The expression of
osteoprotegerin, a receptor related with the osteoclastogenesis [23], was higher on rough surfaces and
lower on machined and polished surfaces. Osteogenic markers showed similar results.

Regarding to the use of inducing factors, the expression of osteocalcin did not significantly change
over time for osteoblasts with inducing media, whereas for hADSCs, it decreased after 14 days without
the use of inducing factors. Thus, albeit the expression of osteogenic markers may be accelerated when
an inducing media is used, it seems not to be essential for the osteogenic differentiation.

Previous studies have been controversial regarding the role of inducing factors on osteogenesis.
Cecchinato et al. [14] showed the osteogenic differentiation of hADSCs cells on titanium surfaces
after 2 weeks; however, Abagnale et al. [21] showed no differentiation of hADSCs without osteogenic
medium. For Faia-Torres et al. [9], the osteogenic differentiation only occurred with rough surfaces [9].
Thus, although the findings of this study suggested that material and surface treatment alone may
induce the osteogenic differentiation, additional researche is required to confirm this hypothesis.

4. Materials and Methods

4.1. Study Design and Ethical Approval

The study evaluated the cell viability of hADSCs, primary human osteoblasts (hOB) and human
gingiva fibroblasts (HGF) on titanium and zirconia with polished/machined and rough surfaces.
The differentiation into osteogenic lineage was assessed for hADSCs and hOBs. The cell viability was
assessed based on cell vitality, proliferation and cytotoxicity, whereas the differentiation in osteogenic
lineage was measured using on the protein expression analysis. The experiment was designed
according to the “Declaration of Helsinki” and approved by the Ethics Committee of the Faculty of
Medicine, University of Muenster (#2016-624-f-S, 07 December 2016). Previous to the cell isolation,
a written informed consent was obtained from all donors.

4.2. Isolation of Primary Human Cell Cultures

All cell colleting procedures were performed anonymously and under sterile conditions.
Human fat tissue was collected from leftover tissue of patients who had undergone elective abdominal
surgery at the General and Visceral Surgery, University Hospital, Muenster. Oncological surgeries
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were not included. Human spongiosa and gingiva samples were obtained from the leftover tissue of
patients treated at the Department of Craniofacial Surgery, University Hospital Muenster.

Isolation and culture techniques of human fat tissue, primary human osteoblast and human
gingiva fibroblasts cells were performed as described previously [6]. Details about the culture medium
are described in Table 1. The cells were cultivated in a 5% CO2 humidified atmosphere at 37 ◦C,
being fed every 2–3 days and passaged with 10,000 cells/cm2 after reaching 90% of confluence.

Table 1. Culture medium.

Cells Medium Culture Formula

Human adipose-derived
stromal cells (hADSC)

minimum essential medium–Alpha
Eagle (α-MEM) (Lonza, Walkersville,
MD, USA)

10% fetal bovine serum, 1% amphotericin B (250 μg/mL), 1% glutamine
(200 Mm), 1% penicillin (10,000 U/mL)/streptomycin (10,000 μg/mL)
(Biochrom Merck, Berlin, Germany)

Primary human
osteoblast (hOBs) Primary human osteoblast (hOBs)

12% fetal bovine serum, 1% amphotericin B (250 μg/mL), 1% glutamine
(200 mM), 1% penicillin (10000 U/mL)/streptomycin (10,000 μg/mL)
(Biochrom Merck, Germany). For osteogenic differentiation, 16 ng/mL
dexamethasone (Merck Pharma, Darmstadt, Germany) was added to
the medium.

Primary human gingiva
fibroblasts (HGF)

DMEM medium (high glucose and
L-glutamine; Gibco, USA) with 1/4

Ham′s F12 nutrient mixtures (Sigma,
Hamburg, Germany)

10% fetal bovine serum, 1% amphotericin B (250 μg/mL), 1% penicillin
(10,000 U/mL)/streptomycin (10,000 μg/mL) (all Biochrom Merck,
Berlin, Germany)

4.3. Main Cell Culture

Cells were cultured on various titanium and zirconia discs (Straumann, Basel, Switzerland)
measuring 5 mm diameter, the groups were: (1) titanium implants with polished surface (Ti-PT);
(2) sandblasted and acid-etched titanium (Ti-SLA); (3) sandblasted and alkaline etched zirconia
(ZrO2-ZLA) and (4) machined zirconia (ZrO2-M). For hADSCs, no inducing factor was used, whereas
the hOB culture was supplemented by an osteogenic medium. The samples were placed in 48-well cell
culture plates (Greiner Bio One; Bad Nenndorf, Germany) with a 5% CO2 humidified atmosphere at 37
◦C. Culturing medium was replaced every 2–3 days during cell culture study. In addition, cells for
control group were cultivated as a monolayer in 48-well cell culture plates. Samples were analyzed 1,
7 and 14 days after the beginning of the experiment. Cell culture part was repeated three times.

4.4. Cell Viability

The living cell count was performed with the LUNA II system (Logos Biosystems Inc., Villeneuve
d’Ascq, France). Proliferation rate was estimated with an in-house MTT assay, which determines the
metabolic activity of vital cells. The conversion of the yellow thiazolyl blue tetrazolium bromide
(0.5 mg/mL; Sigma-Aldrich, Hamburg, Germany) to the purple formazan was measured at a
wavelength of 570 nm. Cytotoxic effects were determined with the Pierce™ LDH Cytotoxicity Assay
(ThermoFisher Scientific; Wesel, Germany). All assays were performed according to manufacture
protocols and done in triplicates.

4.5. Protein Expression Analysis

For protein expression analysis, cells were lysed with the Pierce™ IP Lysis Buffer (ThermoFisher
Scientific, Waltham, MA, USA) according to the manufacture’s protocol. The supernatant was frozen
at −80 ◦C for subsequent assays. To determinate secreted proteins, part of the culturing medium was
taken before lysis and frozen at −80 ◦C. Quantification protein determination was performed with the
Pierce™ BCA Protein Assay (ThermoFisher Scientific, Wesel, Germany) according to the manufacture’s
protocol. The μQuant reader (BioTek, Bad Friedrichshall, Germany) was used for protein determination
and ALP assay. Protein expression analysis was evaluated with enzyme-linked immunosorbent assay
(ELISA). The ELISAs are listed in Table 2 (abcam, Cambridge, England). ELISAs were performed
according to the manufacture’s protocol. Absorbance was measured at a wavelength of 450 nm with
the μQuant reader (BioTek, Bad Friedrichshall, Germany). Protein expression was normalized in two
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steps. The first step was a correlation to whole protein, and the second step was a correlation to day 1.
Changes in expression related to day 1 are shown.

Table 2. Used and primer (Qiagen, Hilden, Germany) and enzyme-linked immunosorbent assay
(ELISA)-Kits (abcam, Cambridge, England).

Gene/Protein Primer Protein Assay/ELISA

Stem Cell Marker

ANPEP/CD13 PPH05672A
CD44 PPH00114A

THY1/CD90 PPH02406G
alkaline phosphatase PPH01311F

Osteogenic Marker

RUNX2 PPH01897C
TNFSF11/RANKL PPH01048F
osteoprotegerin ab189580

osteopontin ab192143
osteocalcin ab195214

Housekeeping Genes

RPLP0 PPH21138F
B2M PPH01094E

GAPDH PPH00150F
HPRT1 PPH01018C
ACTB PPH00073G

4.6. RNA Extraction and Real-Time qPCR

For RNA isolation and purification, an RNeasy Micro Kit (Qiagen, Hilden, Germany) was used
and performed according to the manufacture’s protocol. Purity and concentration of the isolated RNA
was determined by a spectrophotometric reading (NanoDrop™ 2000; ThermoFisher Scientific, Wesel,
Germany). For RT-qPCR, a custom-designed RT2 PCR Array (Qiagen, Hilden, Germany) was used
(Table 2). For each sample 50 ng RNA was transcripted in complementary DNA (cDNA) with the
RT2 First Strand Kit (Qiagen, Hilden, Germany). A DNase treatment to eliminate existent genomic
DNA was part of this step. RT-qPCR was performed with the RT2 SYBR Green ROX pPCR Mastermix
(Qiagen, Hilden, Germany) according to the manufacture’s protocol in Eppendorf mastercycler ep
realplex 4S (Eppendorf, Hamburg, Germany). One μL cDNA was used as template for each reaction.
The PCR protocol was: activation of hot start Taq-polymerase for 10 min at 95 ◦C, followed by
40 cycles with a denaturation step for 15 sec at 95 ◦C and an annealing/elongation step for 60 s at
60 ◦C. A melting curve between 65 and 95 ◦C with a time ramp of 2 min for 1 ◦C was connected.
The ΔΔCT method was used for data analysis with the RT2 Profiler PCR array data analysis web
portal (https://www.qiagen.com/de/shop/genes-and-path-ways/data-analysis-center-overview-
page/custom-rt2-pcr-arrays-data-analysis-center, accessed on 28 March 2018). Fold changes related to
day 1 are shown.

4.7. Statistical Analysis

Statistical analysis of expression factors and protein expression factors was carried out by one-way
ANOVA and a modified Levene test with a statistical significance at p = 0.05. PostHoc tests were
performed by Bonferroni-Holm test (Daniel’s XL Toolbox version 6.53; https://www.xltoolbox.net/).

5. Conclusions

Zirconia promoted the proliferation and differentiation of hADSCs more than titanium.
Rough surfaces improve the biological response for both zirconia and titanium.
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Abstract: Bioactive dimethacrylate composites filled with silver nanoparticles (AgNP) might be
used in medical applications, such as dental restorations and bone cements. The composition of
bisphenol A glycerolate dimethacrylate (Bis-GMA) and triethylene glycol dimethacrylate (TEGDMA)
mixed in a 60/40 wt% ratio was filled from 25 to 5000 ppm of AgNP. An exponential increase
in resin viscosity was observed with an increase in AgNP concentration. Curing was performed
by way of photopolymerization, room temperature polymerization, and thermal polymerization.
The results showed that the polymerization mode determines the degree of conversion (DC),
which governs the ultimate mechanical properties of nanocomposites. Thermal polymerization
resulted in a higher DC than photo- and room temperature polymerizations. The DC always
decreased as AgNP content increased. Flexural strength, flexural modulus, hardness, and impact
strength initially increased, as AgNP concentration increased, and then decreased at higher AgNP
loadings. This turning point usually occurred when the DC dropped below 65% and moved
toward higher AgNP concentrations, according to the following order of polymerization methods:
photopolymerization < room temperature polymerization < thermal polymerization. Water sorption
(WS) was also determined. Nanocomposites revealed an average decrease of 16% in WS with respect
to the neat polymer. AgNP concentration did not significantly affect WS.

Keywords: silver nanocomposite; dimethacrylate; molecular structure; flexural properties;
water sorption

1. Introduction

Recently, polymeric biomaterials with microbiological activity have increasingly gained attention
in the potential treatment of various types of inflammation or infection [1]. In dentistry and
orthopedy, biomaterials based on dimethacrylates have a superior status, serving as restorative
dental materials [2] and bone cements [3–5]. The most commonly used monomers of this type are:
2,2′-bis-[4-(2-hydroxy-3-methacryloyloxy propoxy)phenyl]propane (Bis-GMA) and triethylene glycol
dimethacrylate (TEGDMA)—a diluting monomer (Scheme 1) [2–5]. Their polymerization results
in a highly crosslinked composite matrix [6,7]. One of the negative consequences of this process is
polymerization shrinkage, which causes interfacial gap formation. This phenomenon is responsible for
the microleakage and accumulation of bacteria beneath and around the reconstruction, causing tissue
inflammation and recurrent caries [8–10].
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Scheme 1. The Bis-GMA and TEGDMA chemical structure.

It is widely recognized that the interaction of a restorative material with microorganisms is
important for its longevity and effectiveness [9]. It might be improved by the incorporation of
antimicrobial substances into tooth reconstruction or bone cement [10–12]. The group of Streptococcus
mutans has been described as the most important bacteria related to the formation of dental
caries [10,13,14]. Complications of bone replacements are, in turn, primarily caused by staphylococci,
in particular, Staphylococcus aureus [15]. Faced with such problems, the need to further develop dental
restorative materials, adhesives, and bone cements containing antimicrobial agents has arisen.

A variety of nanoparticles are currently under investigation in order to improve the
antibacterial properties of biomaterials. Polymeric nanocomposites filled with nanoparticles,
such as calcium phosphate [16,17], zinc oxide [13,18,19], titanium dioxide [20], gold [21,22],
and silver (AgNP) [13,16,23–28] have shown promising capabilities in reducing bacterial proliferation,
thereby preventing the degradation of tissue and restoration.

AgNP advantages, such as a wide spectrum and long-term antibacterial activity, low toxicity,
and good biocompatibility with human cells have led to its application in medical products, such as
wound dressings, catheters, and prostheses [28]. AgNP has also been applied in several areas of
dentistry [24–29] and orthopedy [15,23,26]. Literature provides much evidence for the antibacterial
action of AgNP-containing dental materials against oral streptococci [13,26–28]. On the other hand,
bone cements filled with AgNP exhibited antimicrobial activity against staphylococci, such as
Staphylococcus aureus, Staphylococcus epidermidis, and Acinetobacter baumannii [23,26]. The decrease
in the development of recurrent caries and formation of bacterial biofilm on tooth restoration [16,27,30]
and bone cementation [23] was achieved by the introduction of AgNP at the concentration of 500
to 5000 ppm.

Despite evident benefits of nanocomposites with microbiological activity, their potential is limited
by the nanofiller agglomeration process at a high nanofiller volume fraction. If the nanofiller content
exceeds a critical value, the polymerization extent decreases, which leads to a decrease in polymer
network homogeneity [31]. The number of pendant groups, pendant chains, or even free monomer
molecules within the poly(dimethacrylate) matrix increases. Consequently, macroscopic properties of
the composite are negatively influenced [32]. Additionally, the elution of unreacted monomer from
a reconstruction may negatively influence the biological compatibility of the applied biomaterial.
The literature has revealed that the greater the content of nanoparticles in the composite, the greater
the amount of monomers in the eluate [29].

In view of the above, knowledge regarding structure-property relationships within
nanocomposites represents a crucial aspect. The literature, dealing with dimethacrylate systems
filled with AgNP, is still lacking a thorough study on this issue.

The purpose of this study was to characterize polymer nanocomposites obtained by
photochemical, room temperature, and thermal polymerizations of Bis-GMA/TEGDMA 60/40 wt%
composition enriched with silver nanoparticles (AgNP). The AgNP content was increased from 25 to
5000 ppm. The work focused on differences induced by the polymerization initiation methods and
AgNP content on the degree of conversion, mechanical properties, and water sorption. Mechanical
examination of nanocomposites included the determination of the modulus of elasticity, flexural
strength, hardness, and impact resistance.
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2. Results

In the present study, the mixture of Bis-GMA and TEGDMA at 60/40 wt% ratio was loaded with
AgNP in the quantity of 25 to 5000 ppm. As shown in Table 1, eight Bis-GMA/TEGDMA/AgNP resin
compositions were produced using the solvent casting method. n-Hexane was used as a solvent.

Table 1. The AgNP concentrations in Bis-GMA/TEGDMA/AgNP compositions, AgNP concentrations
in AgNP/hexane colloids, and colloid amounts used in nanocomposite manufacturing.

AgNP Concentration in
Bis-GMA/TEGDMA/AgNP

Compositions (ppm)

AgNP Concentration in
hexane Colloid (ppm)

The Amount of
AgNP/hexane Colloid (g)

25 100 25.0
50 100 50.0

100 100 100.0
150 100 150.0
250 100 250.0
500 100 500.0

1500 500 300.4
5000 1000 502.5

Before polymerization, Bis-GMA/TEGDMA/AgNP compositions, as well as the neat
Bis-GMA/TEGDMA mixture, were tested for viscosity. An exponential increase in viscosity with
AgNP concentration was observed (Figure 1).

Figure 1. The relationship between viscosity and AgNP concentration in Bis-GMA/TEGDMA/AgNP
compositions. All results were statistically significant (p < 0.05).

As shown in Figure 1, by increasing the AgNP concentration from 0 to 1500 ppm, the viscosity
increased from 980 to 5420 mPa·s. Above 1500 ppm of AgNP, the viscosity increased dramatically,
which necessitated the use of another torque in further studies. Consequently, 98 mPa·s was determined
for the sample filled with 5000 ppm of AgNP. This value could not be compared with the previous
results, found using the torque designed for lower viscosities. Thus, this value was not taken into
account when the correlation between viscosity and AgNP concentration was constructed.

The monomer mixtures were then activated for polymerization in three ways:

1. Photopolymerization—by the addition of CQ (camphorquinone) 0.4 wt.% and DMAEMA
(N,N-dimethylaminoethyl methacrylate) 1 wt.%;
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2. Room temperature polymerization—by the addition of BPO (benzoyl peroxide) 0.5 wt% and
DMPT (N,N-dimethyl-p-toluidine) 0.05 wt%;

3. Thermal polymerization—by the addition of BPO 1 wt%.

Macroscopic observations led to the first conclusion that the polymerization initiation mechanism
restricts the AgNP capacity in the nanocomposite.

Photopolymerization was limited by 250 ppm of AgNP. A higher AgNP content resulted in a
poor sample quality, which was mechanically weak and brittle. The absorption of UV-VIS radiation
was suspected as the key factor responsible for this limitation. To check this hypothesis, UV-VIS
analysis was performed on the neat Bis-GMA/TEGDMA composition, as well as its AgNP loaded
modifications. As shown in Figure 2, all samples were likely to absorb UV-VIS radiation within the
range of 190 to 300 nm, with the maximum at around 215 nm. However, the absorption intensity of
nanocomposites was higher than the absorption intensity of the neat network. The higher the AgNP
quantity, the higher the absorption intensity. This region corresponds to the CQ absorption in the UV
region [33]. Additionally, CQ absorbs electromagnetic radiation in the VIS region from 400 to 550 nm,
with the maximum absorption intensity at 467 nm [33]. This part of the spectra remained free from
absorption bands of Bis-GMA/TEGDMA/AgNP (Figure 2b).

(a) (b) 

Figure 2. UV/VIS spectra of the pristine Bis-GMA/TEGDMA and its AgNP loaded modifications in
the range of: (a) 190–300 nm; (b) 190–900 nm.

In the case of room temperature polymerization, 1500 ppm of AgNP was the maximum
concentration that could be employed to maintain a good visual quality of the sample. The introduction
of 5000 ppm of AgNP caused an enormous increase in the viscosity of the resinous system.
This prevented the escape of air bubbles before the polymer was hardened. Consequently, a significant
weakening of the nanocomposite was observed.

Thermal initiation was successfully adopted to produce nanocomposites of a high quality and
durability over the whole AgNP concentration range.

Following the initial sample quality assessment, the AgNP concentration range was narrowed
individually for each group of nanocomposites according to the polymerization technique. Thus,
the following maximum AgNP concentrations were set up in a sample preparation for further
studies: 250 ppm—photopolymerization, 1500 ppm—room temperature polymerization, and 5000
ppm—thermal polymerization. The list of tested samples and their names are presented in Table 2.
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Table 2. The Bis-GMA/TEGDMA/AgNP nanocomposite samples studied and their names: Ph
(photopolymerization), RT (room temperature polymerization), T (thermal polymerization).

AgNP Concentration in
Nanocomposite (ppm)

Sample Name

Photopolymerization
Room Temperature

Polymerization
Thermal

Polymerization

0 Ph0 RT0 T0
25 Ph25 RT25 T25
50 Ph50 RT50 T50
100 Ph100 RT100 T100
150 Ph150 RT150 T150
250 Ph250 RT250 T250
500 - RT500 T500
1500 - RT1500 T1500
5000 - - T5000

In Table 3, the results for the degree of conversion (DC) and polymerization shrinkage (S)
are summarized.

Table 3. The polymerization shrinkage and degree of conversion in studied Bis-GMA/TEGDMA/
AgNP nanocomposites.

Sample Polymerization Shrinkage (%) Degree of Conversion (%)

Ph0 8.37 ± 0.58 1 69.8 ± 6.0 31,32

Ph25 8.22 ± 0.60 2,6 67.2 ± 7.0 33

Ph50 8.01 ± 0.70 3,7 64.8 ± 4.6 34,35,f

Ph100 7.41 ± 0.62 4,6 60.2 ± 4.2 g

Ph150 6.95 ± 0.96 5,7,a,b 54.8 ± 5.6 31,34,h

Ph250 5.44 ± 0.53 1–5,c,d 50.2 ± 7.5 32,33,35,i,j

RT0 8.39 ± 0.60 8,9 69.6 ± 5.4 36,39,k

RT25 8.13 ± 0.70 10 68.0 ± 4.9 37,40

RT50 7.99 ± 0.62 11 66.8 ± 4.7 41,l

RT100 7.84 ± 0.44 12 65.4 ± 7.2 38,42

RT150 7.77 ± 0.78 13,a 61.4 ± 7.2 m

RT250 7.66 ± 0.73 14,c 60.2 ± 6.3 j,n

RT500 7.41 ± 0.62 8,15 56.2 ± 7.7 36–38,o

RT1500 5.34 ± 0,59 9–15,e 52.0 ± 9.0 39–42,p

T0 8.50 ± 0.50 16,23 78.2 ± 5.5 43,k

T25 8.37 ± 0.43 17,24 78.0 ± 5.7 44

T50 8.28 ± 0.57 18,25 78.2 ± 5.4 45,f,l

T100 8.19 ± 0.48 19,26 77.4 ± 7.0 46,g

T150 8.13 ± 0.69 20,27,b 76.8 ± 7.0 47,h,m

T250 8.11 ± 0.51 21,28,d 76.6 ± 7.2 48,i,n

T500 8.01 ± 0.70 22,29 73.8 ± 4.9 49,o

T1500 7.15 ± 0.74 16–22,30,e 70.4 ± 7.4 50,p

T5000 5.01 ± 0.99 23–30 43.6 ± 7.8 43–50

1–50 p < 0.05—statistically significant results within the nanocomposite series. a–p p < 0.05—statistically significant
results between nanocomposites, having the same AgNP content, but obtained in different polymerization modes.

The DC in the neat networks produced by photo- and room temperature polymerizations was
almost the same and equaled 70%. The DC in the thermally polymerized neat network was higher and
equaled 78%. However, a statistically significant difference was only found for the RT0 and T0 couple.
The average polymerization shrinkage of the neat networks was 8.4% and there was no statistically
significant difference between the Ph0, RT0, and T0 samples.

The analysis of results for nanocomposites showed that the introduction of AgNP into the
Bis-GMA/TEGDMA matrix resulted in a decrease of the DC and S (polymerization shrinkage).
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The higher the AgNP concentration, the lower the DC and S. It is worth noting that the DC in
T5000 did not achieve a satisfactory degree of conversion, which was 43.6%. Statistically significant
decreases in the DC, with respect to the neat networks, were found, beginning from the following AgNP
concentrations: 150 ppm—for photopolymerization, 500 ppm—for room temperature polymerization,
and 5000 ppm—for thermal polymerization. An analogous analysis of the results for S allowed for the
specification of the following AgNP concentrations, which resulted in statistically significant decreases
in S, with respect to the neat networks, respectively: 250 ppm, 500 ppm, and 1500 ppm.

A detailed analysis of the DC and S led to the conclusion that both parameters increased
by the initiation mechanism according to the following order: photopolymerization < room
temperature polymerization < thermal polymerization. The DC in nanocomposites obtained by
thermal polymerization was usually statistically significantly higher than the DC in nanocomposites
obtained by photopolymerization and room temperature polymerization.

In Table 4, the results for flexural properties are summarized. It may be seen that the flexural
strength (σ) and flexural modulus (E) depend on the AgNP concentration.

Table 4. The flexural properties of studied Bis-GMA/TEGDMA/AgNP nanocomposites.

Sample Flexural Strength (MPa) Flexural Modulus (MPa)

Ph0 88.6 ± 9.1 1,5 3819.4 ± 255.8 40

Ph25 92.4 ± 11.7 2,6,a 3848.5 ± 210.5 41,45

Ph50 98.3 ± 11.7 3,7,b 4039.2 ± 361.9 42,46

Ph100 97.4 ± 8.7 4,8,c 3897.2 ± 314.3 43,47

Ph150 74.4 ± 7.7 1–4,9,d,f 3179.6 ± 343.6 44,45–47,p

Ph250 57.6 ± 6.8 5–9,e,g 1808.2 ± 254.9 40–44,q,r

RT0 79.8 ± 10.2 10,h 3610.5 ± 316.0 48,54

RT25 88.2 ± 9.8 11,16,i 3665.6 ± 248.6 49,55

RT50 95.5 ± 9.0 12,17,j 3822.3 ± 292.7 50,56,61

RT100 98.5 ± 10.4 13,18,k 4001.6 ± 442.3 51,57,62

RT150 96.7 ± 10.8 10,14,19,a,f,l 3746.8 ± 290.3 52,58

RT250 89.6 ± 5.9 15, 20,c,g,m 3336.5 ± 307.4 53,59,61,62,q,s

RT500 73.1 ± 7.8 11–15,n 2676.8 ± 227.8 47–53,60,t

RT1500 68.1 ± 7.1 16–20,o 1905.9 ± 289.8 54–60,u

T0 100.3 ± 6.8 21,25,h 3872.5 ± 297.9
T25 109.0 ± 11.0 26,27,33,a,i 4034.0 ± 437.6
T50 112.0 ± 12.5 28,34,b,j 4066.4 ± 415.0

T100 120.16 ± 8.4 21,29,35,c,k 4044.4 ± 272.6 61

T150 124.8 ± 6.3 22,30,36,d,l 4066.5 ± 407.3 p

T250 129.3 ± 15.8 23,26,31,37,e,m 4153.5 ± 303.4 62,r,s

T500 129.2 ± 11.2 24,32,38,n 4210.6 ± 396.6 63,t

T1500 96.6 ± 7.2 27–32,39,o 4596.1 ± 590.6 64,u

T5000 58.7 ± 6.0 25,33–39 3368.9 ± 479.4 61–64

1–64 p < 0.05—statistically significant results within the nanocomposite series. a–u p < 0.05—statistically significant
results between nanocomposites, having the same AgNP content, but obtained in different polymerization modes.

The flexural strength of the neat networks derived from room temperature polymerization
(79.8 MPa) and photopolymerization (88.6 MPa) was lower than that from thermal polymerization
(100.3 MPa). The results for only the RT0 and T0 couple were statistically significant. The elasticity
of the pristine networks was similar (p ≥ 0.05) and it was characterized by the average E value of
3767.5 MPa. By filling Bis-GMA/TEGDMA with AgNP, increases in both elastic properties were
observed. The flexural strength of nanocomposites produced by photopolymerization increased
by 11%, whereas the modulus increased by 6%. σ of samples produced by room temperature
polymerization increased by 23%, whereas E increased by 11%. Thermally activated polymerizations
resulted in the greatest increases in σ and E, which correspond, respectively, to 29 and 19%. The detailed
analysis of results for σ and E within particular series, led to the observation that their values increased
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with an increasing AgNP content at the beginning (low AgNP concentrations), but then decreased
with an increasing AgNP content at high AgNP concentrations. The maximum values of σ were noted
for the following nanocomposites: Ph50, RT100, and T250, whereas the maximum values for E were
found for: Ph50, RT100, and T1500. Statistically significant drops in σ with respect to the pristine
networks were recorded for the first time for Ph150 and T5000. σ of none of the chemically cured
nanocomposites revealed statistically significant decreases with respect to RT0. The first statistically
significant drop in E, with respect to Ph0, was recorded for Ph250, whereas with respect to RT0, it was
recorded for RT1500. None of the thermally cured samples showed statistically significant decreases in
E with respect T0. This result may be due to the fact that in thermally activated samples, the DC was
relatively high (in most cases it was higher than 70%) compared to Ph or RT samples.

When comparing the elastic properties of nanocomposites by the polymerization method,
the following order of increasing σ and E might be constructed: photopolymerization < room
temperature polymerization < thermal polymerization. Statistical analysis showed that thermally
polymerized materials had a significantly higher bending strength than products of photo- and room
temperature polymerizations. The same tendency could be found by comparing results for modulus;
however, they did not usually show statistical significance.

The decreases in σ and E, observed with increasing AgNP concentration in nanocomposites,
coincide with the decreasing DC. The comprehensive analysis of changes in the DC, σ, and E led to the
conclusion that AgNP in the Bis-GMA/TEGDMA/AgNP nanocomposites can play a reinforcing role,
by increasing σ and E, when the DC is at a minimum of about 65%.

In Table 5, the results for the hardness and impact strength of studied materials are summarized.

Table 5. Hardness and impact resistance of studied Bis-GMA/TEGDMA/AgNP nanocomposites.

Sample Hardness (N/mm2) Impact Resistance (kJ/m2)

Ph0 115.1 ± 9.5 1 4.57 ± 0.35 26,30

Ph25 117.9 ± 6.1 2 4.77 ± 0.36 27,31

Ph50 123.3 ± 16.4 3,6 4.82 ± 0.47 28,32

Ph100 122.8 ± 10.6 4,7 4.21 ± 0.45 29,33,g

Ph150 100.9 ± 12.1 5,6,7,a,b 3.41 ± 0.35 26–29,34,h

Ph250 81.4 ± 7.3 1–5,c,d 2.48 ± 0.31 30–34,i,j

RT0 110.2 ± 7.6 8,9 4.07 ± 0.37 35,40,k

RT25 117.7 ± 4.2 10 4.24 ± 0.44 36,41,l

RT50 121.3 ± 6.5 11 4.25 ± 0.42 37,42,m

RT100 128.5 ± 13.1 12 4.27 ± 0.49 38,43,n

RT150 130.2 ± 15.1 8,13,16,a 4.03 ± 0.44 39,44,o

RT250 122.7 ± 14.5 14,c 3.67 ± 0.36 45,j,p

RT500 113.1 ± 11.6 15,16,e 3.34 ± 0.28 35–39,46,q

RT1500 83.94 ± 6.7 9–15,f 2.26 ± 0.15 40–46,r

T0 121.8 ± 11.6 17,19,22 5.20 ± 0.28 47,50,56,k

T25 126.4 ± 12.1 18,20,23 5.38 ± 0.51 51,57,l

T50 130.5 ± 15.5 21,24 5.47 ± 0.56 48,52,58,m

T100 139.2 ± 18.3 5.54 ± 0.44 49,53,59,64,f,n

T150 143.2 ± 21.7 b 5.30 ± 0.45 54,60,h,o

T250 142.8 ± 20.8 25,d 4.73 ± 0.45 55,61,64,i,p

T500 148.5 ± 13.0 17,18,e 4.42 ± 0.50 47–49,62,q

T1500 149.1 ± 7.1 19–21,f 4.06 ± 0.41 50–55,63,r

T5000 158.9 ± 13.5 22–25 2.26 ± 0.15 56–63

1–64 p < 0.05—statistically significant results within the nanocomposite series. a–r p < 0.05—statistically significant
results between nanocomposites, having the same AgNP content, but obtained in different polymerization modes.

The hardness (H) of pristine networks did not differ significantly and the average value equaled
115.7 N/mm2. In the composite series, the values of H increased to a certain AgNP limiting content
and afterwards, they decreased. Thus, the following nanocomposites were characterized by the highest
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hardness in the series: Ph50, RT150, and T5000, which correspond to the following percentage increases,
respectively: 7%, 18%, and 30%. Statistically significant decreases in H, with respect to pristine
polymers, were found for Ph250 and RT1500, i.e., for nanocomposites with the highest AgNP loadings
in the photo- and room temperature polymerized series. The hardness of the thermally polymerized
samples increased over the whole concentration range. Moreover, the T5000 nanocomposite was
characterized by the highest hardness noted in this study.

When comparing the hardness of nanocomposites according to the initiation mechanism, the
following increasing order can be constructed: photopolymerization < room temperature polymerization
< thermal polymerization. However, these results were usually not statistically significant.

When comparing the impact strength of pristine polymers by the polymerization technique,
the values might be ordered accordingly: room temperature polymerization (4.07 kJ/m2)
< photopolymerization (4.57 kJ/m2) < thermal polymerization (5.20 kJ/m2). Statistically significant
results were produced for the RT0 and T0 couple. The same order of polymerization techniques might
be constructed if an of nanocomposites was analyzed. The results for nanocomposites obtained by
thermal polymerization were statistically significantly higher compared to results for their counterpart
samples produced in photo- or chemically initiated processes.

By comparing results in the nanocomposite series, it can be seen that the impact strength increased
as the AgNP content increased up to a certain limit and then decreased, with a further increase of
AgNP concentration. The impact resistance of photopolymerized samples reached the maximum
in Ph50, which corresponded to 5.5% income with respect to Ph0. The impact resistance (an) of
samples polymerized on the chemical route increased by 4.9%, which was recorded for RT100. Thermal
polymerization resulted in a 6.5% increase in an, which was achieved for T100. All these increases were
statistically insignificant with respect to the pristine polymers. Statistically significant drops in an of
nanocomposites, with respect to the pristine polymers, were noted for Ph250, RT500, and T500.

In Figure 3, the results for water sorption (WS) are shown. It may be seen that AgNP incorporation
caused the decrease in the values by around 16.5%. The average WS of nanocomposites was
33.2 μg/mm3, whereas the WS of pristine polymers equaled 37.7 μg/mm3. The polymerization
technique did not significantly influence WS (p ≥ 0.05).

Figure 3. Water sorption of Bis-GMA/TEGDMA/AgNP nanocomposites. The statistically significant
results were obtained between pristine polymers and nanocomposites in each series (p < 0.05).
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3. Discussion

The present paper describes research regarding the effect of AgNP concentration in the
Bis-GMA/TEGDMA 60/40 wt% on the viscosity of its liquid form, as well as structural, physical,
and mechanical properties of hardened materials.

The results showed that AgNP concentration influences Bis-GMA/TEGDMA/AgNP resin
viscosity, which increases as the AgNP content increases. An exponential increase in viscosity resulted
in the enormously limited flowability of the mixture filled with 5000 ppm of AgNP. This means that
the concentration of AgNP in the Bis-GMA/TEGDMA/AgNP mixture should not be higher than
1500 ppm. A higher AgNP concentration may considerably restrict resin flowability, which gives rise
to air bubble trapping and can exclude the possibility of introducing other fillers, typically used in
dental composites and bone cements to improve their mechanical characteristics.

The structure-property relationships were tested for Bis-GMA/TEGDMA/AgNP nanocomposites
obtained by radical polymerization of the dimethacrylate matrix, which was initiated according to
three mechanisms:

1. Photopolymerization—commonly used for direct curing of dental restorations [2];
2. Room temperature chemical polymerization—commonly used in bone cementation [3];
3. Thermal polymerization—commonly used in industrial processes for the manufacturing of thick

parts [34].

The neat networks were characterized by the DC from 70 to 78%, which is in agreement with the
literature data. The polymerization of dimethacrylates is never complete. A considerable fraction of
the double bonds remains unreacted because of immobilization, caused by a set of certain complex
features, such as autoacceleration, autodeceleration, steric isolation, and vitrification [6,7,35–38].
This has been demonstrated in many studies on the photopolymerization [35,36], room temperature
polymerization [37], and thermal polymerization [38] of Bis-GMA/TEGDMA systems. The DC of 78%
was the highest measured in this study and corresponded to the thermally polymerized sample. It can
be explained by the effects of temperature on the polymerization kinetics. It is well-known that the
higher polymerization temperature, the higher the final conversion in the dimethacrylate network.
Heating provides the energy to improve the segmental mobility of the polymer chain and makes more
residual unsaturation sites accessible for polymerization [35,36]. Additionally, the thermodynamic
miscibility of Bis-GMA and TEGDMA monomers is greater at elevated temperatures. They can undergo
phase separation at room temperature, which can result in the formation of more heterogeneous
networks [36]. In the early stage of the thermal polymerization process, the temperature was kept
at 40 ◦C for 1 h. At this temperature, the BPO decomposition rate was slow enough that the system
nearly did not polymerize [39] and the viscosity decreased sufficiently enough to allow air bubbles
to escape. Due to the preheating of liquid samples, high macroscopic homogeneity of the cured
materials was maintained, despite the increase in viscosity. Gradually raising the temperature to
100 ◦C, in combination with a 24 h total polymerization time, resulted in materials of the highest
structural homogeneity and best mechanical performance. The temperature of 100 ◦C was higher than
the glass temperature of the Bis-GMA/TEGDMA polymer network [36]. It was chosen to intensify
segmental mobility during post-curing.

The results for the DC in nanocomposites showed that it depends on the AgNP concentration,
as well as the polymerization initiation mechanism.

The decrease in DC with the increase of AgNP concentration is likely caused by the increasing
distance between double bonds. The free volume in the nanocomposite is occupied by the AgNP
agglomerates. The higher the AgNP concentration, the higher the tendency of forming larger
agglomerates [31]. As the dimensions of agglomerates and their number increase, the reactive groups
drift further apart and thus become less available and less reactive.

The following general order of increasing DC according to polymerization methods:
photopolymerization < room temperature polymerization < thermal polymerization, results from
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a variety of factors. The poorest curing efficiency of photopolymerization might be explained
by the presence of partially overlapping absorption of Bis-GMA/TEGDMA/AgNP and CQ in
the UV region. Even though the UV/VIS spectrum was free from any absorption bands from
Bis-GMA/TEGDMA/AgNP in the VIS region, where CQ absorbs in the 400–550 nm range, the curing
efficiency in nanocomposites produced by photopolymerization was insufficient when AgNP content
exceeded 250 ppm. The effectiveness of room temperature polymerization was most likely restricted by
the excessive high viscosity of the resin system, which causes the trapping of air bubbles. The highest
DC of nanocomposites manufactured by thermal polymerization can be explained by the same
kinetic factors as mentioned above. However, it has to be noted that the T5000 nanocomposite
was characterized by the DC of 44%. Since the DC lower than 50% gives the information of free
monomer occurrence in the system, 1500 ppm might be proposed as a maximum AgNP concentration
in possible potential applications of studied nanocomposites [40].

Since S is the consequence of the DC, as predicted, the same trend in S values was observed with
increasing AgNP content and polymerization technique.

The results also showed that mechanical properties of Bis-GMA/TEGDMA/AgNP
nanocomposites mainly depend on the DC in the dimethacrylate polymer matrix, which is governed
by the initiation mechanism (Figure 4).

 
(a) 

 
(b) 

(c) (d) 

Figure 4. The comparison of mechanical properties with the degree of conversion: (a) modulus; (b)
flexural strength; (c) hardness; (d) impact resistance. Bar charts correspond to mechanical properties,
whereas line charts correspond to the DC.

Thermal polymerization resulted in a higher flexural strength, modulus, and hardness than
photopolymerization and room temperature polymerization. Impact strength increased accordingly:
room temperature polymerization < photopolymerization < thermal polymerization. The top position
of thermally polymerized nanocomposites in these arrangements might be attributed to their maximum
DC and the best sample quality. The lowest an of chemically polymerized nanocomposites might be
attributed to lower DC and a larger number of air bubbles trapped in the sample. Since the room
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temperature polymerization begins just after mixing the components of the initiation system, the resin
viscosity increases radically in a short time and perfect trapped air removal is unattainable. For this
reason, bone cements typically display an overall porosity ranging from 2 to 18% [41,42]. This means
that the latter property may be considerably deteriorated by air trapped bubbles, which are specific for
room temperature polymerization.

As can be seen from Figure 4, mechanical properties usually increased at the beginning, at lower
AgNP concentrations, and then decreased, when AgNP concentrations exceeded a certain level.
The decreases in σ, E, H, and an, which were observed with increasing AgNP concentration in
nanocomposites, coincide with the decreasing DC. This result coincides with previous findings, which
show that the modulus, mechanical strength, and hardness decrease as the degree of conversion
decreases [6,7]. The detailed analysis of changes in the DC, σ, and E leads to the conclusion
that AgNP in the Bis-GMA/TEGDMA/AgNP nanocomposites can play a reinforcing role on the
condition that the DC is at a minimum of 65%. In the series of nanocomposites obtained by thermal
polymerization, hardness increased throughout the series, regardless of the degree of conversion.
Therefore, hardness might be considered as the least sensitive to the DC property.

Taking the above considerations into account, the following AgNP concentrations might be
recommended as the upper limits for manufacturing Bis-GMA/TEGDMA/AgNP nanocomposites
with a satisfactory physico-mechanical performance: 250 ppm—for photopolymerization and
1500 ppm—for room temperature and thermal polymerizations.

The water sorption of the nanocomposites studied decreases with the mere addition of AgNP by
an average of 16% and an increase in its concentration does not significantly influence the WS behavior.
This result might be attributed to the hydrophobic character of AgNP [43].

4. Materials and Methods

4.1. Materials

The dimethacrylate resins: Bis-GMA and TEGDMA, components of the initiation
systems: CQ (camphorquinone), DMAEMA (N,N-dimethylaminoethyl methacrylate), and DMPT
(N,N-dimethyl-p-toluidine) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used
as received. The BPO initiator—(benzoyl peroxide) came from POCh (Gliwice, Poland) and it was
purified by dissolving in chloroform (POCh, Gliwice, Poland) and precipitated by adding methanol
(POCh, Gliwice, Poland). n-Hexane was purchased from POCh (Gliwice, Poland) and was used
as received.

AgNP colloid in hexane of the 1000 ppm concentration was purchased from AMEPOX Co. Ltd.
(Lodz, Poland). The AgNP/hexane colloid was used as received or diluted with n-hexane to the
concentrations of 500 and 100 ppm (Table 1). The mean particle size was 22.8 nm, as measured in a
previous study [44].

4.2. Preparation of AgNP-Loaded Resin Compositions

The monomer blend consisted of Bis-GMA and TEGDMA in a 60/40 wt% ratio. It was loaded
with AgNP. Eight concentrations of AgNP: 25, 50, 100, 150, 250, 500, 1500, and 5000 ppm, were prepared
by solvent casting, with the use of n-hexane as a solvent.

First, 40 g of TEGDMA was dissolved in 100 mL of n-hexane. Next, the precisely measured amount
of AgNP/hexane colloid was added to the TEGDMA solution in n-hexane (Table 1). Mixing was
performed in an Erlenmayer flask on a magnetic stirrer for 10 min. Hexane was evaporated from the
TEGDMA/AgNP/hexane dispersion in a rotary evaporator (IKA RV-10, Staufen, Germany) for 20 min,
under the pressure of 50 mbar and then for 20 min, under the pressure of 5 mbar. The effectiveness
of the evaporation procedure was confirmed in the 1H NMR experiments (UNITY INOVA, Varian,
300 MHz, Palo Alto, CA, USA), which did not show the presence of peaks corresponding to n-hexane on
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1H NMR spectra. TEGDMA loaded with AgNP was then blended with 60 g of Bis-GMA. Mixing was
performed in a glass vessel with a mechanical stirrer at 40 ◦C for 20 min.

4.3. Curing Procedure

Polymerizations were carried out in 12 cm diameter Petri dishes and 10 mm diameter Teflon
O-rings placed on a glass surface. The polymer amounted to the obtained thicknesses of 2 and
1 mm, respectively.

4.3.1. Photopolymerization

Bis-GMA/TEGDMA/AgNP liquid compositions, loaded with AgNP in the concentration
specified in Table 1 were mixed with 0.4 wt.% of CQ (initiator) and 1 wt.% of DMAEMA (reducer)
and poured into molds. Before irradiation, the sample surface was covered with a PET (poly(ethylene
terephtalate)) film in order to avoid the oxygen inhibition effect. The mixtures were irradiated with a
mercury UV/VIS lamp (FAMED-1, Zywiec, Poland, power 375 W) set at a distance of 10 cm for 15 min.

4.3.2. Room Temperature Polymerization (Chemical Polymerization)

Bis-GMA/TEGDMA/AgNP liquid compositions, loaded with AgNP in the concentration
specified in Table 1, were divided into two equimass portions. One of them was mixed with 0.5 wt% of
BPO (radical polymerization initiator) and the other with 0.05 wt% of DMPT (redox activator for BPO).
To perform curing, both components were thoroughly mixed for 60 s. After stirring, the mixtures were
poured into molds, covered with PET film, and left for 24 h.

4.3.3. Thermal Polymerization

Bis-GMA/TEGDMA/AgNP liquid compositions, loaded with AgNP in the concentration
specified in Table 1, were mixed with 1 wt% of BPO, poured into molds, and polymerized in a
drying oven under nitrogen—reducing oxygen inhibition, by raising the temperature gradually from
40 to 100 ◦C over 24 h [40]. First, the polymerizing mixture was reheated at 40 ◦C for 1 h; next,
the temperature was increased to 70 ◦C and maintained at that temperature overnight; and finally,
the temperature was increased to 100 ◦C and maintained for 2 h.

4.4. UV/VIS Spectroscopy

The UV/VIS spectra of pristine Bis-GMA/TEGDMA monomer composition, as well as its
modifications with AgNP, were recorded over a wavelength ranging from 190 to 500 nm, utilizing a
UV/VIS spectrometer (UV 2600, Shimadzu Co., Kyoto, Japan) with a 10-cm path-length quartz cuvette.

4.5. Viscosity

The viscosity (η, mPa·s) of liquid Bis-GMA/TEGDMA and its compositions with AgNP was
measured by means of a rotating spindle viscometer (Brookfield Fungilab Viscometer, Visco Star
Plus L, Barcelona, Spain) at 25 ◦C, according to PN-ISO 2555 (Plastics—Resins in the liquid state
or as emulsions or dispersions—Determination of apparent viscosity by the Brookfield method).
Viscosity was measured using the appropriate spindle, which allowed for recording viscosity values
between 10% and 90% torque. Compositions containing 0 to 1500 ppm AgNP were tested utilizing the
same spindle of the designation “1”. The composition containing 5000 ppm was characterized by a
significantly higher viscosity, which required the use of a spindle with the designation of “3”.

4.6. Polymerization Shrinkage

The density of resinous compositions (dm) was measured utilizing a liquid pyknometer at 25 ◦C
according to ISO 1675 (Plastics—Liquid resins—Determination of density by the pyknometer method).
Their cured forms were tested for density (dp) according to Archimedes’ principle, on the Mettler
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Toledo XP Balance with a 0.01 mg accuracy (Greifensee, Switzerland) with the density determination
kit at 25 ◦C. Water was used as the immersing liquid. The volumetric shrinkage (S) was determined by
the following equation:

S(%) =
dp − dm

dp
× 100 (1)

4.7. Degree of Conversion

The degree of conversion (DC) in the polymer matrix of studied nanocomposites was determined
by using an FTIR spectrophotometer (Bio-Rad Laboratories, FTS 175C, Hercules, CA, USA). The spectra
of the monomers and their polymers were recorded with 128 scans at a resolution of 1 cm−1.
The monomer samples were tested as very thin films on KBr pellets. The cured samples were pulverized
into fine powder with a particle diameter of less than 24 μm and analyzed as KBr pellets. The DC
was calculated from the decrease of the absorption band at 1637cm−1, referring to the C=C stretching
vibration (AC=C), in relation to the peak at 1609 cm−1 assigned to aromatic stretching vibrations
(AAr) [45]:

DC(%) =

(
1 − (AC=C/AAr)polymer

(AC=C/AAr)monomer

)
× 100 (2)

4.8. Mechanical Properties

4.8.1. Flexural Properties

The flexural modulus (E) and flexural strength (σ) were determined in accordance with ISO
178 (Plastics—Determination of flexural properties) in three-point bending tests, using a universal
testing machine (Zwick Z020, Ulm, Germany). The rectangular samples (length × width × thickness:
40 mm × 10 mm × 2 mm) were tested. E and σ were calculated according to the following equations:

E (MPa) =
P1l3

4bd3δ
(3)

σ (MPa) =
3Pl
2bd2 (4)

where, P is the maximum load, P1 is the load at a selected point of the elastic region of the stress–strain
plot, l is the distance between supports, b is the specimen width, d is the specimen thickness, and δ is
the deflection of the specimen at P1.

4.8.2. Hardness

The ball indentation hardness (H) was determined according to ISO 2039-1
(Plastics—Determination of hardness—Part 1: Ball indentation method) on the VEB
Werkstoffprüfmaschinen apparatus (Leipzig, Germany). The 4 mm-thick disc-like samples
were prepared by stacking two 2 mm layers. H was calculated according to the following equation:

H (MPa) =
Fm

(
0.21

h−hr+0.21

)
πdhr

(5)

where, hr is the reduced depth of impression (hr = 0.25 mm), d is the diameter of the ball indenter
(d = 5 mm), Fm is the test load on the indenter, and h is the depth of impression.

4.8.3. Impact Strength

The impact strength (an) was determined in accordance with DIN 53435 (Testing of plastics.
Bending test and impact test on Dynstat test pieces) using VEB Werkstoffprüfmaschinen Dynstat
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apparatus on rectangular unnotched specimens (length × width × thickness: 15 mm × 10 mm × 2 mm).
The following formula was applied to calculate an:

an

(
kJ
m2

)
=

An

bd
(6)

where, An is the impact energy required to cause a material to fracture, and b and d are the width and
thickness of the specimen, respectively.

4.9. Water Sorption

Water sorption was measured according to ISO 4049 (Dentistry—Polymer-based restorative
materials). Disc-like specimens (diameter × thickness: 10 mm × 1 mm) of each nanocomposite were
dried in a pre-conditioning oven at 37 ◦C until their weight was constant. This result was recorded as
m0 (Mettler Toledo XP Balance with 0.01 mg accuracy, Greifensee, Switzerland). The specimens were
then immersed in distilled water and maintained at 37 ◦C for a week. After this time, the samples
were removed, blotted dry, and weighed (m1). Water sorption (WS) was calculated using the
following formula:

WS
( μg

mm3

)
=

m1 − m0

V0
(7)

where, m0 is the initial sample weight, V0 – the initial volume of the sample.

4.10. Statistical Analysis

The experimental results were analyzed using one-way analysis of variance (ANOVA).
The pair-wise comparisons were conducted by means of the Student’s t-test with a significance level
(p) of 0.05. For each physical property, a set of five samples was tested. The results of measurements
were expressed as mean values with associated standard deviations.

5. Conclusions

This study explained the AgNP influence on the degree of conversion and mechanical properties
of Bis-GMA/TEGDMA/AgNP nanocomposites. It was shown that the higher the AgNP concentration,
the lower the DC. Among the polymerization methods used, the thermal polymerization resulted in
the highest level of curing.

Further analysis showed that AgNP can have a strengthening effect on mechanical properties.
However, their values increased at the beginning, at lower AgNP concentrations, and then
decreased, as AgNP concentrations exceeded a certain level, which was varied and dependent
on the property. Hardness showed the least sensitivity to the DC, followed by the modulus,
bending strength, and impact resistance, in that order. The latter property, besides possessing the
highest sensitivity to the DC, was most likely deteriorated by air trapped bubbles, which are specific
for chemical polymerization.
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Abbreviations

AgNP Silver nanoparticles

Bis-GMA
2,2′-bis-[4-(2-hydroxy-3-methacryloyloxy
propoxy)phenyl]propane

BPO Benzoyl peroxide
RT Room temperature polymerization
CQ Camphorquinone
DC Degree of conversion
DMPT N,N-dimethyl-p-toluidine
DMAEMA N,N-dimethylaminoethyl methacrylate
E Flexural modulus
H Hardness
TEGDMA Triethylene glycol dimethacrylate
Ph Photopolymerization
S Polymerization shrinkage
T Thermal polymerization
WS Water sorption
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Abstract: Cariogenic oral biofilms cause recurrent dental caries around composite restorations,
resulting in unprosperous oral health and expensive restorative treatment. Quaternary ammonium
monomers that can be copolymerized with dental resin systems have been explored for the
modulation of dental plaque biofilm growth over dental composite surfaces. Here, for the first time,
we investigated the effect of bis(2-methacryloyloxyethyl) dimethylammonium bromide (QADM)
on human overlying mature oral biofilms grown intra-orally in human participants for 7–14 days.
Seventeen volunteers wore palatal devices containing composite specimens containing 10% by mass
of QADM or a control composite without QADM. After 7 and 14 days, the adherent biofilms were
collected to determine bacterial counts via colony-forming unit (CFU) counts. Biofilm viability,
chronological changes, and percentage coverage were also determined through live/dead staining.
QADM composites caused a significant inhibition of Streptococcus mutans biofilm formation for up
to seven days. No difference in the CFU values were found for the 14-day period. Our findings
suggest that: (1) QADM composites were successful in inhibiting 1–3-day biofilms in the oral
environment in vivo; (2) QADM significantly reduced the portion of the S. mutans group; and (3)
stronger antibiofilm activity is required for the control of mature long-term cariogenic biofilms.
Contact-killing strategies using dental materials aimed at preventing or at least reducing high
numbers of cariogenic bacteria seem to be a promising approach in patients at high risk of the
recurrence of dental caries around composites.

Keywords: antibacterial; biofilm; caries; dental composite; quaternary ammonium monomers; human
in situ study

Int. J. Mol. Sci. 2018, 19, 3443; doi:10.3390/ijms19113443 www.mdpi.com/journal/ijms155



Int. J. Mol. Sci. 2018, 19, 3443

1. Introduction

In the past decade, dental materials research has intensified attempts at reducing or modulating
dental plaque biofilm growth over dental composite surfaces [1] because recurrent caries around
restorations (CARS) are identified as some of the major reasons for the failure of composite
restorations [2,3]. Replacement rates of failed restorations have been reported to be 37–70%,
with consequences that can seriously compromise oral health status [4,5]. CARS are frequently located
at the gingival margins of the proximal restorations, which are common areas for food impaction [6].
Patients consider the cleaning of dental biofilm at the proximal space challenging, and very often fail
to control biofilm build-up over time.

Dental caries are marked by continuous mineral loss promoted by organic acids released by
bacteria after sugar metabolization [7], mainly streptococci from the mutans group. Cariogenic bacteria
are characterized as pathologically shifted species, with the ability to generate large amounts of acid
and to survive in acidic microenvironments [8]. The introduction of novel treatment approaches,
supplementary to conventional therapeutic strategies, is thus considered as crucial for the efficient
control of CARS. Cariogenic oral biofilms influence the initiation and progression of carious lesions
not just in their primary development but also in their recurrence [9]. Reports in the literature have
stated a temporal relationship between changes in biofilm composition and enamel demineralization
following exposure to sucrose [10,11]. An undisturbed dental biofilm exposed to frequent sucrose leads
to enamel demineralization after seven days of biofilm accumulation [10]. As the cariogenic biofilm
becomes more mature, some acidogenic and aciduric bacteria become dominant in the biofilm [12].

Resin composites facilitate cariogenic biofilm growth [13]. Dental monomers such as bisphenol
A-glycidyl dimethacrylate (BisGMA) and triethylene glycol dimethacrylate (TEGMA) may alter the
metabolism and promote the proliferation of Streptococcus mutans [14]. Therefore, the synthesis of free
radical monomers that have quaternary ammonium groups in their chemical structures paved the
way for a noninvasive, biofilm-targeted method that can be used against oral biofilms [15]. Reactive
and easily miscible quaternary ammonium monomers have the advantage of copolymerizing with the
current dental resin systems through covalent bonding with the polymer network. These polymers
are referred to as nonleaching antimicrobial or contact-killing agents. The antibacterial action results
from the direct contact of the polymer with the microorganisms, with no release of active molecules.
Although the exact antimicrobial mechanism of action has not been fully elucidated, the predominant
mode of action is disruption of the cell membrane [16]. This imparts a durable and permanent
antibacterial capability to dental composites.

Studies have presented different positions of the functional groups and alkyl chain length for
improved balance between mechanical properties, antibacterial effects, and biocompatibility [17].
The majority of the synthetic quaternary ammonium monomers have only one methacrylate group,
as monomethacrylates. Incorporating a high content of monomethacrylates could compromise the
overall cross-linked polymer matrix [18].

Several in vitro studies have investigated the antibacterial performance of bis(2-
methacryloyloxyethyl) dimethylammonium bromide (QADM), a quaternary ammonium monomer
containing two methacrylate groups [18]. QADM was loaded at 10 wt % into different parental
formulations, such as commercial and experimental adhesive systems [19,20] and nanocomposites [21],
rendering reductions in S. mutans and total micro-organisms. Overall, these studies achieved a
significant reduction of biofilm viability, metabolic activity, lactic acid, and bacterial counts using a 48-h
human saliva microcosm biofilm model [22]. The incorporation of QADM also did not compromise
the mechanical or bonding performance of the parental materials, and its antibacterial and mechanical
properties were long-term and maintained after a one-year follow-up [23].

Although encouraging results were found in vitro [19–22], only a few studies have used native in
situ dental plaque to study the effects of quaternary ammonium methacrylate [24,25]. In these studies,
bacterial colonization over a short period (from hours to three days) was assessed. Antibacterial dental
composites using QADM on an overlying mature cariogenic biofilm formed over seven days have
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not been studied to date. A longer-term in situ study would give insight into the in vivo antibacterial
performance of this material in challenging conditions that mimic the clinical scenario of retentive
proximal areas where the biofilm could not be removed in patients with a high risk of caries. Moreover,
over a seven-day period, dysbiosis was present due to the proliferation or overgrowth of cariogenic
bacteria in a low-pH econiche, and enamel was prone to demineralization.

In light of the evidence available to support quaternary ammonium monomers on initial oral
biofilm, the present study for the first time evaluated the antibacterial performance of QADM in a
relatively long-term study (beyond three days) by challenging the effectiveness of QADM-containing
materials against mature oral biofilms formed in situ. Intact oral biofilms were grown under a
cariogenic challenge in situ on composites within the oral cavity for 7 and 14 days. In addition to the
determination of bacterial counts, the chronological changes in the biofilm were also visualized by
live/dead staining, and the percentages were measured.

2. Results

All 17 volunteers completed the study, and no protocol deviation was identified. Treatment
compliance was satisfactory. The mean and standard deviation values of colony-forming unit (CFU)
counts of biofilms collected at 7 and 14 days are plotted in Figure 1A,B. The QADM composite had
a significant effect on the viability of S. mutans at the 7 days (p = 0.0303). This effect corresponded
to a 43% reduction of both solutions compared with the control. The QADM composite’s effect on
the viability of total streptococci, lactobacilli, and total microorganisms on the in situ biofilms was
measured. However, no statistical significance was observed between the groups (p > 0.05). During the
14-day period, the microbiological composition of the biofilms formed on restoration was statistically
similar for all evaluated conditions (p > 0.5).

Figure 2A shows the statistically significant difference between the tested groups (p = 0.0385) at the
7-day period, expressed by the variable percentage of mutans streptococci related to total streptococci
(MS/TS). However, the percentage of mutans streptococci related to total micro-organisms was similar
during the same period. These variables showed no difference during the 14-day period (Figure 3B).

Figure 3A–D,F–I shows live/dead staining images of biofilms grown on the QADM and control
composites on the 1st, 3rd, 7th, and 14th days. Biofilms grown on the control composite on the 1st
and 3rd days were primarily alive, which was indicated by continuous green staining (Figure 3A,B).
Widespread bacterial cell killing was more pronounced on the 1st and 3rd day of biofilm accumulation
on the QADM composite (Figure 3). At the 7th and 14th day, the overly mature biofilm structure was
compact, with numerous layers showing a mushroom-like configuration with channels in the outer
layer (Figure 3C,D for the control composites and Figure 3G,H for the QADM composites). Complete
coverage of the composite surface was observed after seven days. No significant difference between
the control and the QADM was observed.

Figure 1. Cont.
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Figure 1. (A) Colony-forming unit (CFU) counts for the viability of mutans streptococci (MS),
total streptococci (TS), lactobacilli, and total microorganisms (TM) present in the biofilms formed
in situ after a 7-day and (B) 14-day period. Error bars represent the standard deviation of the mean,
and data followed by different letters differed statistically (p < 0.05). The reduction in CFU counts
from biofilms adherent to the QADM (bis(2-methacryloyloxyethyl) dimethylammonium bromide)
composites was significantly different from the control for Streptococcus mutans after 7 days of growth.
After 14 days, no further reduction was observed for S. mutans.

Figure 2. (A) The percentage of mutans streptococci related to total streptococci (MS/TS) and the
percentage of mutans streptococci related to total micro-organisms (MS/TM) present in biofilms formed
in situ after a 7-day and (B) 14-day period. The MS/TS was greatly reduced for biofilms adherent to
the QADM composite in relation to the control at the 7-day period. Error bars represent SD, and data
followed by different letters differed statistically (p < 0.05).
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Figure 3. Live/dead staining images of biofilms grown on the QADM and control composites during
the 1-, 3-, 7-, and 14-day periods. (A,B) Biofilms grown on the control composite on the 1st and 3rd
days were primarily alive with continuous green staining. (E,F) Widespread cell-killing of bacteria
was more pronounced on the 1- and 3-day biofilm accumulation on the QADM composite. On the
7th and 14th day, the overly mature biofilm structure was compact, with numerous layers presenting
a mushroom-like configuration with channels in the outer layer: (C,D) for the control and (G,H) for
the QADM.

Figure 4 image analyses show that the living cells grown over control composites accounted
for 93% ± 3% (±SD) and 93% ± 7% (±SD) of the total biofilm cells for the 1- and 3-day biofilms.

159



Int. J. Mol. Sci. 2018, 19, 3443

Percentages of living cells (46% ± 8% for the first day and 37% ± 3% for the third day) were determined
on the QADM-containing composites for the same time. They were inactive and dead.

Figure 4. The percentage of live/dead bacterial cells found for the total biofilm coverage over the (A)
control and (B) QADM composites. An increase in the dead percentage was observed for the biofilm
grown over the QADM composite during the first and third day.

3. Discussion

Bacterial attachment to dental composite surfaces and subsequent cariogenic biofilm formation is a
complex process [26]. There is an interplay between biological factors (i.e., the bacterial ability to rapidly
convert dietary sugars to acids lowers the pH and demineralizes the tooth structure), patient-related
factors, and physicochemical factors such as surface topography, surface charge, and surface energy of
the dental materials [27,28]. Typical treatment for biofilm-mediated recurrence of caries lesions around
the composite restorations involves operative replacement of composites, which incurs additional
healthcare costs and additional loss of tooth structure.

To avoid biofilms on dental materials, an attractive alternative and complementary method
to dental caries management is the use of biomaterials that possess antibacterial surfaces [27].
The contact-active antibacterial material is effective in preventing biofilm formation by killing
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bacteria [29], reducing bacteria amounts in the surrounding microenvironment, and extending the
material’s service life.

Antibiofilm effects of new dental materials with releasing fillers or ions were also investigated
in the literature [30]. The incorporation of silver nanoparticles was among the bioactive compounds
investigated that could provide antibacterial effects on oral bacteria. However, long-term release
kinetics have challenged this approach’s use in dental materials [31,32].

As contact-killing agents, the quaternary ammonium monomers for dental applications have
been intensely investigated in vitro in the past years, with a positive outcome overall. Investigations
have shown immediate and robust antibacterial effects (more than 3 log reductions) against oral
micro-organisms [21,23,25]. QADM di-functional monomers are effective in producing active surfaces
with high densities of immobilized antimicrobial agents [33,34]. For the specific quaternary ammonium
used in our study, the previous in vitro studies showed reductions of 68% and 79% in biofilm CFU
counts and lactic acid production, respectively, on cured primers specimens [20].

For this in situ study, for the first time we challenged the antibacterial performance of a dual
methacrylate group QADM incorporated into composites against overly mature oral biofilms formed
inside the oral cavity for up to 14 days in an acidogenic biofilm structure capable of causing substantial
mineral loss and deep lesions on the enamel surface. This approach has high clinical relevance since
anti-caries therapies aimed at controlling the assembly of cariogenic biofilms should contribute to the
prevention of the onset of early carious lesions, clinically known as white spots.

The data revealed that QADM compromised the S. mutans group’s biofilm accumulation during
the 7-day period. The two most common species constantly linked to caries formation are S. mutans
and S. sobrinus [35]. The cariogenic potential of S. mutans is accentuated when sucrose is available [36].
Sucrose-mediated biofilm formation creates spatial organizations expressed by a complex network of
microcolonies, which modulate the development of compartmentalized acidic microenvironments
across the 3D biofilm architecture [37]. Furthermore, within 3D biofilms, S. mutans display properties
that are dramatically distinct from their planktonic counterparts, including much higher resistance
to antibacterial approaches, which makes the biofilm much more difficult to kill than planktonic
bacteria [35].

Although our research revealed the inhibitory effect of QADM on S. mutans biofilms, the exact
mechanism of this inhibition is still unclear. The antibacterial efficacy may be related to the
contact-killing mechanism of quaternization of the amino groups of QADM available on the bottom
layer of the biofilm adjacent to the composite. The negatively charged counter-ions that stabilize the
bacterial membrane were displaced by the positively charged cationic N+ sites in the chemical structure
of the quaternary ammonium-based resin. Indeed, the live/dead images obtained at the initial period
of biofilm formation showed the presence of a higher proportion of nonviable bacteria (the red-orange
color areas). Previous studies have highlighted the similar viability of biofilms growing on resin-based
materials containing quaternary ammonium monomers [35,36,38,39]. Beyth and co-workers have
suggested an intracellularly mediated death program, in which the bacterial lysis promoted by the
presence of quaternary ammonium on the resin surface functions as a stressful condition triggering
programmed cell death in the bacteria further away in the biofilm [25,40].

No expressive microbial reduction results on CFU values or micro-organism proportions were
observed for S. mutans. These results point out the challenge faced by anti-caries approaches against
mature biofilms. The bacterial adhesion processes under in vivo and in vitro conditions differ
considerably [33]. Bacteria in biofilms are far less sensitive to antibacterial agents because of the
exopolymeric matrix, extracellular polysaccharides, specific gene expression, and metabolic activity,
all factors that protect antibacterial therapies to reach target bacteria [41]. The live/dead images of
biofilms show a well-developed dense and compact extracellular polymeric substance - EPS matrix
and the presence of bacterial cell clusters or microcolonies (Figure 4C,D for the control composites and
Figure 4G,H for the QADM composites). The relative alteration of the proportion of live/dead found
in the 7–14-day images was related to the uneven spatial distribution of vital and dead microorganisms
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found in matured and thick dental biofilms, with decreased vitality toward the outer layers [41].
Tawakoli et al. [42] also supported the high variability of the live/dead distribution and the CFU
counts as challenges found in in situ biofilm models. Recently, new investigations have started to
emerge using nanoparticles to improve the penetration of therapeutic agents into the biofilm matrix of
oral cariogenic biofilms [43].

Another aspect to consider is the spatial arrangement, charge density, and counter-anion of
the quaternary ammonium monomers and their antibacterial activity [32]. Previous studies have
designed antibacterial monomers containing an eight-carbon or longer chain, which has correlated
with significant antibacterial activity in vitro [44]. Surface charge density has displayed antibacterial
performance in vitro. These monomers need to translate their antibacterial performance from in vitro
to a human in vivo [45–48]. Future studies are warranted, especially to investigate whether the charge
density is a relevant factor in the antibacterial effect of these new quaternary ammonium monomers.

In summary, the findings in this paper demonstrate that QADM composites at 10% promote a
substantial bacterial reduction of S. mutans biofilm. This was achieved in the initial days of contact
and also reached a 7-day period, an interval where patients at high risk of caries would develop initial
enamel carious lesions. However, dental caries result from interactions over time. An undisturbed
cariogenic biofilm well-established on the composite surface over long periods is extremely difficult to
eradicate. Its inhibition should not rely only on contact with an antibacterial surface. Removing or
disturbing biofilm from all tooth and composite surfaces and reducing sugar intake within three days
is expected to control carious lesions. Concomitant and multitargeting strategies are needed against
mature long-term cariogenic biofilms.

4. Materials and Methods

4.1. Study Design and Participants

This study involved a prospective, randomized, single-blind, split-mouth in situ design conducted
according to the code of ethics of the World Medical Association (Declaration of Helsinki) for
experiments involving humans. The region’s ethical committee (protocol #1232012) also approved it.
Seventeen healthy volunteers of both genders, aged from 21 to 36 years, accepted participation in this
study, fulfilling the required criteria. Inclusion criteria were a normal salivary flow rate, good general
and oral health with no active caries lesions or periodontal treatment needs, an ability to comply with
the experiment protocol, no use of antibiotics during the three months before the study, and no use of
fixed or removable orthodontic devices. Exclusion criteria were failing to use the device according
to the established protocol and taking medication interfering with saliva flow rate or containing
antimicrobial agents. The sample size was determined by a power analysis and was based on previous
data [25]. Seventeen volunteers were recruited: 16 for the study and 1 volunteer to allow temporal
visualization of the biofilm formation through live/dead staining. After being screened, the volunteers
were verbally informed about the study aims and procedures, and received written information and
the informed consent form. At the next appointment, maxillary alginate impressions were made for
the fabrication of the palatal devices.

During the experimental period, each volunteer used a removable acrylic custom-made palatal
device containing the tested materials, as shown in Figure 5A. Seven days before the experiment
began (i.e., the washout period) and during the whole experiment, the volunteers were asked to use a
standard toothbrush and nonfluoridated paste. Each acrylic palatal device enclosed four composite
specimens (5 × 5 × 2 mm3): two specimens for the control composites and two specimens for the
QADM composites. To promote plaque accumulation and to protect it from disarrangement, recessions
were created by placing the surface of the composite specimens about 1 mm below the covered plastic
mesh (as seen in the details of Figure 1A) [45].

162



Int. J. Mol. Sci. 2018, 19, 3443

Figure 5. (A) In situ palatal devices used by 17 volunteers. Each device contained four slabs,
two filled with the QADM composite on one side and two filled with the control composite on
the other side. The slabs were held by polyvinyl siloxane (PVS) and covered with a plastic mash
to avoid disturbance in the biofilm growth.The biofilm was collected from the surface of the
specimens on the 7th and 14th days. The top-left is a magnified description showing details of
biofilm formation over the composite specimens inside the device. (B) The synthesis route of the
bis(2-methacryloyloxyethyl) dimethylammonium bromide monomer via a Menshutkin reaction and the
details for dual-polymerizable groups and the bacterial terminal. BEMA: 2-bromoethyl methacrylate;
DMAEMA: 2-(N,N-dimethylamino)ethyl methacrylate.

To divert any possible carry-across effect, the sequence in which the experiment units were
assigned in the palatal device took into consideration that antibacterial dental materials should be
placed on one side of the palatal appliance and, consequently, that control materials should be placed on
the opposite side (Figure 5A). The split-mouth experimental design was a practical approach for testing
the effects of various agents on the composition of dental plaque [44]. Within each side of the palatal
device, the positions of the specimens were randomly determined according to a computer-generated
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randomization list [45]. The outcome variables evaluated were colony-forming unit counts for total
microorganisms, total streptococci, mutans streptococci, and lactobacilli on the specimens.

4.2. Specimen Preparation

The light-curable composite was made by blending a monomer resin consisting of BisGMA
(bisphenol-glycidyl dimethacrylate) and TEGDMA (triethylene glycol dimethacrylate) at a 1:1 ratio (all
by mass) with 0.2% camphorquinone and 0.8% ethyl 4-N,N-dimethylaminobenzoate. As reinforcement
co-fillers, barium-boroaluminosilicate glass particles with a median diameter of 1.4 μm
(Caulk/Dentsply, Milford, DE, USA) were silanized with 4% 3-methacryloxypropyltrimethoxysilane
and 2% n-propylamine [21]. The fillers were mixed with the resin at a total filler mass fraction of 60%
to form a cohesive paste.

The synthesis of bis(2-methacryloyloxyethyl) dimethylammonium bromide via a modified
Menshutkin reaction was previously described [18], and it is summarized in Figure 1B. Briefly, 10 mmol
of 2-(N,N-dimethylamino)ethyl methacrylate (DMAEMA; Sigma-Aldrich, St. Louis, MO, USA) and
10 mmol of 2-bromoethyl methacrylate (BEMA; Monomer-Polymer Labs, Trevose, PA, USA) were
combined with 3 g of ethanol in a closed vial. After stirring at 60 ◦C for 24 h so the reaction could
complete, the solvent was removed via evaporation, using a vacuum. This process yielded QADM as
a clear and viscous liquid. QADM was mixed with the BisGMA–TEGDMA resin at a QADM mass
fraction of 10%. A preliminary study showed that this mass fraction yielded strong antibacterial
properties without compromising the resin’s mechanical properties [21].

Thirty-six light-curable composite specimens were fabricated for the experimental composition
(QADM at 10 wt % each), and a further 36 specimens without antimicrobial monomer served as
a control. The composite was inserted and light activated for 20 s using a light-emitting diode
(Radii-cal, SDI Limited Victoria, Australia; standard curing mode, irradiance output provided of 689
mW/cm2). The specimens were mounted in standardized sample chambers inside the device, with an
anterior–posterior position, using body impression material (Aquasil Ultra, Dentsply DeTray GmbH,
Konstanz, Germany), as demonstrated in Figure 1A.

4.3. Clinical Phase

Audiovisual orientation and written instructions of the in situ protocol were given to the
volunteers to assure their adhesion and avoid protocol deviation during the study. To provide a
cariogenic challenge during the clinical phase, the application of a 20% sucrose solution extra-orally on
the restored specimens was performed by the volunteers eight times per day at predetermined times.
According to previous studies, the sucrose was gently dried after 5 min, and the device was reinserted
into the mouth [42,44]. No restriction was made about the volunteers’ diet, but they were instructed to
avoid F-rich food containing bioavailable F, such as black tea. They did, however, drink fluoridated
water (about 0.7 ppm fluoride).

4.4. Microbiological and Biochemical Analysis

On the 7th and 14th examination days, the subjects refrained from eating, drinking, and tooth
cleaning 12 h after the last application of the sucrose solution and dentifrice before presenting at the
clinic (46-48). On the 7th day, the device was removed from the mouth, and the biofilm and one enamel
slab from each side were respectively carefully removed and collected (Figure 5B). Then, the device
with the remaining specimens was reinserted into the mouth. On the 14th day, a similar process was
performed to collect the two residual biofilms from the specimens. After the collection, the biofilm
was processed for analysis. First, it was weighed (±1 mg) in preweighed microcentrifuge tubes and
agitated during a 2 min period in a Disrupter Genie Cell Disruptor (Precision Solutions, Rice Lake,
WI, USA). A 50 μL aliquot of the sonicated suspension was diluted in 0.9% NaCl, and serial decimal
dilutions were inoculated in triplicate using the drop-counting technique in the following culture
media: (1) in mitis salivarius agar containing 20% sucrose to determine total streptococci (TS), and in
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mitis salivarius agar plus 0.2 bacitracin/mL to determine mutans streptococci (MS); (2) in Rogosa agar
supplemented with 0.13% glacial acetic acid to assess the number of CFU of lactobacilli (LB); and (3)
in brain–heart infusion enhanced with 5% sterile defibrinated sheep blood agar plates to determine
total micro-organisms (TM). The plates were incubated in 10% CO2 at 37 ◦C for 48 h. The CFU were
counted, and the results were expressed as CFU/mg biofilm wet weight, the percentage of MS in
relation to TM, and the percentage of MS in relation to TS.

4.5. Live/Dead Assays

To visualize the micro-organisms during the initial phase of formation as well as during the
experimental periods, one volunteer used a palatal device containing eight composite specimens: four
specimens for the control composite and four specimens for the QADM composite. One specimen from
each group was removed during the 1st, 3rd, 7th, and 14th days. The specimens were immediately
washed with phosphate-buffered saline (PBS) and stained using the LIVE/DEAD BacLight Bacterial
Viability Kit (Molecular Probes, USA) to qualify bacterial cell viability. This assay employs two nucleic
acid stains: the green-fluorescent SYTO 9 stain and the red-fluorescent propidium iodide stain [39].
These stains differ in their ability to penetrate healthy bacterial cells. When used alone, the SYTO 9
stain labels both live and dead bacteria.

In contrast, propidium iodide penetrates only bacteria with damaged membranes, reducing SYTO
9 fluorescence when both dyes are present. Thus, live bacteria with intact membranes fluoresce green,
while dead bacteria with damaged membranes fluoresce red. A volume of 100 μL of the previously
described fluorescence dyes was pipetted onto the specimens and incubated in a dark chamber
for 15 min. The biofilms grown over the specimens were then examined using an epifluorescence
microscope (TE2000-U, Nikon, Melville, NY, USA) at a magnification of 100×. Images (n = 4) were
acquired and analyzed (NIS Elements software, Nikon Instruments Inc, Melville, NY, USA) for the
quantification of live (green fluorescence) and dead (red fluorescence) bacteria.

4.6. Statistical Analysis

The assumptions of equality of variances and normal distribution of errors were checked for
all the response variables tested, and those that did not satisfy these assumptions were transformed
using the Box–Cox power transformation [42]. To determine the differences between test and control
values in the in situ experiment, the viable bacteria counts, percent MS/TS, and percent MS/TM were
submitted to a two-sample independent Student’s t-test. The significance level was set at α = 0.05. The
statistical appraisal was computed with SPSS for Windows XP 17.0 (SPSS Inc., Chicago, IL, USA).

5. Conclusions

The results of the present in situ study provide a more realistic perspective on the value of
integrating bioactive restorative materials with traditional caries management approaches into clinical
practice. Contact-killing strategies via dental materials aiming at preventing or at least reducing high
numbers of cariogenic bacteria seem to be a promising approach for helping patients at high risk of
recurrence of dental caries around composites.
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Abstract: The degree of conversion (DC) and the released bisphenol A diglycidyl ether
dimethacrylate (BisGMA), triethylene glycol dimethacrylate (TEGDMA) and urethane dimethacrylate
(UDMA) monomers of bulk-fill composites compared to that of conventional flowable ones were
assessed using micro-Raman spectroscopy and high performance liquid chromatography (HPLC).
Four millimeter-thick samples were prepared from SureFil SDR Flow (SDR), X-tra Base (XB), Filtek
Bulk Fill (FBF) and two and four millimeter samples from Filtek Ultimate Flow (FUF). They were
measured with micro-Raman spectroscopy to determine the DC% of the top and the bottom surfaces.
The amount of released monomers in 75% ethanol extraction media was measured with HPLC.
The differences between the top and bottom DC% were significant for each material. The mean
DC values were in the following order for the bottom surfaces: SDR_4mm_20s > FUF_2mm_20s >
XB_4mm_20s > FBF_4mm_20s > XB_4mm_10s > FBF_4mm_10s > FUF_4mm_20s. The highest rate
in the amount of released BisGMA and TEGDMA was found from the 4 mm-thick conventional
flowable FUF. Among bulk-fills, FBF showed a twenty times higher amount of eluted UDMA and
twice more BisGMA; meanwhile, SDR released a significantly higher amount of TEGDMA. SDR
bulk-fill showed significantly higher DC%; meanwhile XB, FBF did not reach the same level DC,
as that of the 2 mm-thick conventional composite at the bottom surface. Conventional flowable
composites showed a higher rate of monomer elution compared to the bulk-fills, except FBF, which
showed a high amount of UDMA release.

Keywords: bulk-fill composite; degree of conversion; monomer elution; micro-Raman
spectroscopy; HPLC

1. Introduction

The evolution led to contemporary resin-based composites (RBCs) showing high clinical success
and survival rates [1–4]. However, despite the continuous development of RBCs, there are some
shortcomings, such as polymerization volume shrinkage, incomplete degree of conversion (DC) of
the matrix monomers and their release into the oral cavity and pulp space. The degree of conversion
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of an RBC is an important factor in determining the mechanical properties of the material and its
biocompatibility [5,6]. A lower conversion rate will influence the physical performance of the RBC,
and increased elution of monomers have been reported [7,8]. However, the DC% for adequate
clinical performance has not yet been determined; only a negative correlation of in vivo abrasive
wear depth with DC has been established in the range of 55–65 DC% [9,10]. To prevent clinical
failures and decrease the elution of unreacted monomers, some practical strategies are recommended,
including alternative light curing protocols [11], the use of flowable cavity liners [12] and incremental
filling techniques [13]. The generally-accepted maximal layer thickness that provides adequate
light penetration and photo-polymerization is 2 mm [7,14–16]. However, restoring cavities with
RBC increments of 2 mm in thickness is time consuming; voids may be included; and this implies
a risk of contaminations between the increments [17]. Thus, bulk-fill RBCs were developed to
avoid the aforementioned disadvantages [18]. Literature data suppose better light transmittance
of these materials to allow for a reported depth of cure in excess of 4 mm [19–21]. According to the
manufacturer’s recommendation, bulk-fill materials are indicated as basing materials or permanent
restorative materials. In vitro studies showed that the application of one thicker increment of bulk-fill
composite could be equally successful in marginal adaptation, cavity-bottom adhesion and in depth
of cure as the conventional layering technique [20,22]. Bulk-fill materials showed lower shrinkage
stress and exhibited an acceptable creep deformation and reduced cuspal deflection when compared
to conventional RBCs [17,23,24]. In a recent investigation, mechanical properties, including degree
of cure, were shown to be constant within the 4-mm increment [25]. In the dental literature, studies
investigated the amount of eluted monomers; thus, the biocompatibility and clinical performance
of bulk-fill flowable RBC base materials are limited [20–22,24,26]. Biocompatibility depends on the
quality and quantity of released monomers and their derivates, which can irritate the pulp, the soft
tissues of the oral cavity and may lead eventually to a toxic reaction [27,28]. Several factors, such as the
DC, the specimen thickness, the chemical composition, the filler particle type and content, the porosity
and the solvent can influence the amount of released monomers [29].

The aim of this study was to assess the DC and the amount of released BisGMA, TEGDMA and
UDMA monomers of some low-viscosity bulk-fill composite materials in a 4-mm layer thickness
compared to that of conventional flowable one in a 2-(positive control) and a 4-mm (negative control)
thickness, using micro-Raman spectroscopy and HPLC.

2. Results

2.1. Degree of Conversion-Micro-Raman Spectroscopy

The top and bottom surface DC values of the materials are presented in Figures 1 and 2.
The mean DC values on the top surface of the materials were in the following order:

SDR_4mm_20s > FBF_4mm_20s > FUF_4mm_2mm > FUF_4mm_20s > FBF_4mm_10s > XB_4mm_20s
> XB_4mm_10s; however, the order of the mean DC values on the bottom surface was significantly
different from the top surface: SDR_4mm_20s > FUF_2mm_20s > XB_4mm_20s > FBF_4mm_20s >
XB_4mm_10s > FBF_4mm_10s > FUF_4mm_20s. Dunnett’s t-test showed that all of the investigated
materials had statistically significant differences in DC% at the bottom surface when compared to
each other, except between FBF_4mm_20s and XB_4mm_20s (p = 0.221). On the contrary, between
FUF_2mm_20s and FUF_4mm_20s (p = 0.306), FUF_2mm_20s and FBF_4mm_20s (p = 1.000),
FUF_4mm_20s and FBF_4mm_20s (p = 0.241), FUF_4mm_20s and FBF_4mm_10s (p = 0.059) and
between XB_4mm_20s and FBF_4mm_10s (p = 0.063), Dunnett’s t-test did not show significant
difference in DC% at the top surface. The conventional flowable composite FUF_4mm_20s had
the lowest DC value at the bottom (16.53%), while SDR_4mm_20s (50.05%) had the highest DC value
not only at the bottom, but at the top surface, as well. The extended curing time of FBF and XB from
10–20 s significantly increased the DC%, especially at the bottom surface.
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Figure 1. Mean DC% and 95% confidence intervals of the top surface of the samples (abbreviations: DC,
degree of conversion; n.s., not significant difference; FUF_2mm_20s, Filtek Ultimate Flow in a 2-mm
layer thickness cured for 20 s; FUF_4mm_20s, Filtek Ultimate Flow in a 4-mm layer thickness cured for
20 s; FBF_4mm_10s, 4 mm-thick Filtek Bulk Fill light cured for 10 s; FBF_4mm_20s, 4 mm-thick Filtek
Bulk Fill light cured for 20 s; XB_4mm_10s, 4 mm-thick X-tra Base light cured for 10 s; XB_4mm_20s,
4 mm-thick X-tra Base light cured for 20 s; SDR_4mm_20s, SureFil SDR Flow in a 4-mm layer thickness
cured for 20 s).

Figure 2. Mean DC% and 95% confidence intervals of the bottom surface of the samples (abbreviations:
DC, degree of conversion; n.s., not significant difference; FUF_2mm_20s, Filtek Ultimate Flow in a 2-mm
layer thickness cured for 20 s; FUF_4mm_20s, Filtek Ultimate Flow in a 4-mm layer thickness cured for
20 s; FBF_4mm_10s, 4 mm-thick Filtek Bulk Fill light cured for 10 s; FBF_4mm_20s, 4 mm-thick Filtek
Bulk Fill light cured for 20 s; XB_4mm_10s, 4 mm-thick X-tra Base light cured for 10 s; XB_4mm_20s,
4 mm-thick X-tra Base light cured for 20 s; SDR_4mm_20s, SureFil SDR Flow in a 4-mm layer thickness
cured for 20 s).
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2.2. Monomer Elution: HPLC

Figure 3 shows the amount of eluted BisGMA, UDMA and TEGDMA from the 2 mm- and
4 mm-thick conventional flowable and the bulk-fill flowable RBC materials.

Figure 3. Amount of eluted monomers from bulk-fill and conventional flowable composites.
(Abbreviations: SDR, SureFil SDR Flow in a 4-mm layer thickness light cured for 20 s; FBF, Filtek Bulk
Fill in a 4-mm layer thickness light cured for 10 s; XB, X-tra Base in a 4-mm layer thickness light cured
for 10 s; FUF 4 mm, Filtek Ultimate Flow in a 4-mm layer thickness light cured for 20 s; FUF 2 mm,
Filtek Ultimate Flow in a 2-mm layer thickness light cured for 20 s).

In spite of the fact that there is no BisGMA in SDR and XB according to the manufacturer’s
information, there was a detectable amount of this monomer from these bulk-fill materials, such as
TEGDMA from XB. In comparison, with Dunnett’s t-test, there were significant differences between
the groups. More than a five-times higher elution rate was found in the amount of released BisGMA
in the case of the 4 mm-thick conventional flowable FUF when this material was compared to the
bulk-fill materials, and the difference in BisGMA release between the 2 mm- and 4 mm-thick FUF
was almost twice (p < 0.001). The leached BisGMA from bulk-fill RBCs showed the following order:
FBF > SDR > XB; the differences were statistically significant (p < 0.001). The FUF_4mm_20s had
a statistically-significant higher rate of TEGDMA elution, as well, compared to the other materials
(p < 0.001). Among bulk-fills, SDR showed a seven-times higher amount of TEGDMA elution. More
than a twenty-times higher amount of eluted UDMA was observed in the case of FBF compared to
SDR, XB and FUF; meanwhile, UDMA was not listed in the FUF’s technical product profile.

In the case of FUF and FBF, a high intensity peak was detected on the HPLC chromatogram
at a different retention time than that of the above-mentioned three monomers, which was not
identified and quantified in the lack of a standard monomer. However, according to the manufacturer’s
information, it is probably the peak of procrylate monomer.

3. Discussion

In this study, the DC and the elution of unreacted monomers of different bulk fill and commercial
flowable dental composites were assessed using micro-Raman spectroscopy and HPLC.
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The setting process has a major influence on the mechanical and biological properties of RBCs [30].
Resin polymerization depends on the chemical structure of the monomer, filler characteristics, the
photoinitiator concentration and the polymerization conditions [31]. Since polymerization conditions,
such as layer thickness, intensity of the curing unit and exposure time, were standardized in this
study, differences in the DC value of conventional and bulk-fill RBCs can be attributed to the different
composition of the materials, mostly to variations in the chemistry of their resin matrix and the filler
loading. In general, the manufacturers of bulk-fill RBCs were able to improve polymerization depth
by the use of potent photoinitiator systems along with an increased translucency [18,32]. As light
transmission is strongly dependent on material opacity [33], the observed higher DC% at a 4-mm
specimen thickness for the investigated bulk-fills compared to the 4 mm-thick conventional flowable
RBC might be a result of their reduced opacity. However, when the DC% of bulk fills was compared to
the 2 mm-thick conventional flow, only SDR_4mm_20s produced a higher conversion rate. Higher
translucency can also be achieved by the reduction in filler content [34]. It has been demonstrated by
Halvorson et al. that increasing the filler-matrix ratio progressively decreases conversion, because an
increased amount of filler particles is an obstacle for polymeric chain propagation [35]. According
to Nomoto and Hirasawa [36], the depth of cure and, thus, the DC are affected by the filler’s
light permeability, the monomer composition, the type and concentration of the initiator and the
inhibitor/accelerator systems in the RBCs. In the present study, a significantly higher DC value
was observed with the SDR_4mm_20s, and a tendency for a higher DC value was detected in FBF in
comparison to XB cured for both 10 and 20 s. This finding is supported by other investigators [19,37–39]
and might be explained by the higher filler content of XB, which may increase light scattering, causing
a concurrent decrease of translucency for blue light [18].

Due to the presence of a photo-active modulator in the matrix system and the increased
translucency, the manufacturer’s recommendation for the exposure time is 10 s for the universal
shades, with the intensity of the curing unit ranging from 550–1000 mW¨ cm´2, while 20 s for SDR and
FUF irrespective of the output intensity of the curing unit. Based on this fact, 5.5–10 J¨ cm2 of delivered
energy should be enough for the adequate polymerization of bulk-fills. For a conventional RBC,
the recommendation of a 21-J¨ cm2 and a 24-J¨ cm2 energy density has been made for the satisfactory
conversion of a 2 mm-thick composite specimen [40]. Thus, as was expected, a 20-J¨ cm2 energy density
was not enough for the acceptable polymerization rate of conventional flowable restorative samples in a
4-mm layer thickness; meanwhile, the decrease of layer thickness to 2 mm increased the polymerization
rate with 61.5%. In the case of bulk fill XB and FBF, the extended curing time resulted in a 15.5%
and a 40.7% increase in the rate of polymerization. In contrast with our findings, Finan et al. [19]
observed higher DC% for SDR (59%) and XB (48%) using a quartz tungsten halogen (QTH) light
curing unit (LCU) for polymerization, which operates at an output intensity of 650 mW/cm2 for
20 s; while Zorzin et al. [41] measured a 52% DC value for SDR, 63% for XB, 66% for FBF and 66%
for FUF at a 4-mm layer thickness cured with an LED unit (1200 mW/cm2) for 20 s in the case of A2
shades. The possible explanation for this difference may be that wider samples in diameter were used
to allow a higher degree of light penetration for polymerization or that Fourier transform infrared
spectrophotometer was used to analyze the DC of RBC samples. However, Zorzin et al. concluded
that extended curing time (30 s) had a positive effect on polymerization properties, so enhanced
light curing of bulk-fills in deep cavities is recommended [41]. Similarly to our study, Li et al. [39]
used micro-Raman spectroscopy to map the DC along a cross-section of bulk-fill and a conventional
composite block. They measured 80% mean maximum DC for FBF and 77.3% for SDR; however, their
study design was different from our design, as the investigators tested the curing profile of a thicker
(16 mmˆ 6 mmˆ 12 mm) rectangular bulk-fill RBC block.

Besides the filler-matrix ratio, the DC is affected by the viscosity and reactivity of the
polymerizable monomer, as well [42]. The DC of different monomer systems increases in the
following order: BisGMA < BisEMA < UDMA < TEGDMA [43]. BisGMA is considered the most
viscous monomer due to the strong intramolecular hydrogen bonding, which can decrease the
reactivity and mobility of the monomer during the polymerization process. This might be one of the
explanations for the significantly lower DC of the conventional flowable FUF_4mm_20s than that of
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other materials, as FUF contains the highest amount of BisGMA monomer in the resin matrix. In our
study, the investigated bulk-fill RBCs are UDMA-based materials in combination with different types
of monomers. Sideridou et al. found that UDMA, combining relatively high molecular weight with a
high concentration of double bonds and low viscosity, was shown to reach higher final DC% values
than BisGMA [43]. Low viscosity has a high impact on free radical migration. It was proven that
the DC of RBC monomers is strongly influenced by the nature of the polymerizing monomers, for
example more flexible monomers increase the rate of conversion [44]. Although the viscosity of UDMA
is much lower than that of BisGMA, when it is mixed with the high molecular weight BisEMA or
EBPADMA, it can significantly restrict the mobility of UDMA monomers and decrease their reactivity
and conversion value [37,45]. This may explain the significantly lower DC value of FBF and XB cured
for both 10 and 20 s than that of SDR_4mm_20s, as was reported by Alshali et al. [37]. SDR is similarly
an UDMA/EBPADMA-based bulk-fill flowable composite; however, it contains TEGDMA, which
has a synergistic effect on the rate of polymerization, and thus, the DC value of this monomer is
significantly higher than that of the other investigated bulk-fill materials.

In addition, according to the manufacturer’s technical information, a photo-active modulator in
SDR may cooperate with camphorquinone (CQ), thereby facilitating polymerization.

In the present study, monomer elution from RBC was quantified using HPLC. This is a standard
method used for the determination of monomer elution from RBCs [46]. The release of components
has a potential effect on the structural stability and wear rate, as well as the biocompatibility of the
material. The analysis of the elution of selected unreacted BisGMA, TEGDMA and UDMA will not
provide an absolute measure of the quality of released components; thus, it is a limitation of this study.

Several factors may influence the monomer elution, such as the rate of polymerization, the
chemical features of the solvent and the chemical nature of the leached components [5,47]. In the
present study, 75% ethanol was used to extract most of the examined unreacted monomers from
the polymerized composite samples in order to identify monomer quantity. The elution pattern of
unreacted monomers is higher in ethanol than in water storage medium, because of their hydrophobic
character, which can significantly reduce and rationalize examination periods. Water storage may
simulate oral conditions better than ethanol; however, changeful oral parameters (pH, temperature,
enzyme activities) are hardly simulated in water medium. According to our results there was a
strong correlation between DC% and the amount of eluted monomers in the case of the conventional
flowable RBC (FUF). This is a BisGMA/TEGDMA/procrylate-based material, and the highest amount
of leached TEGDMA and BisGMA was observed with the lowest DC%. Meanwhile, the reduced
layer thickness decreased the amount of released TEGDMA and BisGMA by five- and two-times,
respectively. The possible reasons for the different values for these monomers could be the chemical
nature, the different molecular weight and the reactivity of the molecules. Tanaka et al. [48] found that
TEGDMA has higher mobility caused by its low molecular weight, resulting in a higher and faster
rate of elution than the larger BisGMA and UDMA [47,48]. As a TEGDMA/UDMA-based material,
SDR showed a high amount of TEGDMA release following FUF_4mm_20s. Similar to our findings,
Cebe et al. also found a higher amount of eluted TEGDMA monomers than from the other bulk-fills,
and the cumulative amount of eluted TEGDMA increased with time [49]. In their study, Łagocka et al.
detected lower (8.4 μg/g) TEGDMA elution from SDR during the first 24 h of storage in 75% ethanol
solvent; however, the elution rate rapidly decreased with time [50]. The reason for the increased
elution of the high molecular weight BisGMA could be the low rate of polymerization explained by the
hampered light penetration and the decreased photoinitiator activation in the conventional flowable
composite at a 4-mm layer thickness. Among bulk-fill composites, FBF showed the highest rate of
released UDMA and BisGMA. Cebe et al. also detected a higher rate of eluted BisGMA from FBF,
especially at the 30-day time interval [49].

Considering the filler content, FBF has the lowest filler value among the investigated bulk-fill
materials, which may influence the release of unreacted monomers. Comparing the molecular weight
of BisGMA and UDMA, BisGMA has a higher weight; thus, there is quicker and more substantial
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UDMA release in a certain time interval. Among bulk fills, XB showed a significantly lower rate of
eluted monomers. The lower solubility might be based on the higher (75%) filler content in contrast
with the other bulk-fills. There are reports that illustrate a lower absorption rate in composite materials
with high filler contents compared to materials with lower filler content [51–53]. The results of the
present study, which are in line with these reports, showed a lower monomer elution rate from XB
with higher filler content compared to the other investigated bulk-fills. The possible explanation might
be the lower solvent absorption in XB samples, which resulted in less leachable component elution.
This leads to the conclusion that the elution mechanism is complex and cannot be explained only by
the degree of conversion. On the other hand, Sideridou et al. concluded that higher silane content
has a positive effect on interfacial adhesion between filler and matrix [54]. As the filler particles are
chemically bonded to the matrix monomers and oligomers by the silane coupling agent, their higher
volume fraction can provide a more stable ligation for the unreacted, leachable monomers, decreasing
their release into the solvent. The structure of the silane coupling agent and its bonding to the filler
particle has a high impact on the solubility of the RBC [55].

The detected BisGMA from the XB samples might be impurities of the monomer matrix complex.
Considering the BisEMA content in the investigated bulk-fill materials, there was no information

from the degree of ethoxylation of the bisphenol A molecule; therefore, it was not possible to identify
in the lack of standard monomer. Compared to other composite resin monomers, BisEMA is not
a single monomer molecule, rather belonging to a large series of ethoxylated bisphenol A-based
dimethacrylates with an ethoxylation reaction of a very reactive ethylene oxide [56,57]. Therefore, the
ethoxylation reaction is unselective and difficult to control, leading to different ethoxylated products
and byproducts, which must be separated analytically [58].

4. Materials and Methods

BisGMA (98%), UDMA (ě97%) and TEGDMA (95%) (Sigma-Aldrich, Steinheim, Germany)
were used as standard materials for the identification of the monomer peaks in the chromatograms.
Filtek Ultimate Flow flowable nanocomposite samples were prepared as references. The investigated
materials were the following: SureFil SDR Flow, X-tra Base and Filtek Bulk Fill. Table 1 shows the
composition of the materials. All samples were stored in a 75% ethanol/water solution (Spektrum-3D,
Debrecen, Hungary). Acetonitrile (ACN) (VWR International, Leuven, Belgium) was used for the
preparation of the mobile phase for the HPLC separation.

Table 1. Materials, manufactures and composition.

Group Material Code Manufacturer Shade Organic Matrix Filler
Filler

Loading
LOT

Number

Bulk-fill
composite

SureFil
SDR Flow SDR

Dentsply
Caulk, Milford,

DE, USA
U

Modified UDMA,
EBPADMA,
TEGDMA

Ba-Al-F-B
silicate glass,

Sr-Al-F
silicate glass

68 wt % 1202174

x-tra base XB
Voco,

Cuxhaven,
Germany

U UDMA, BisEMA no information 75 wt % 1305261

Filtek Bulk Fill FBF
3M ESPE,
St Paul,

MN, USA
U

BisGMA, UDMA,
BisEMA(6),
TEGDMA,

substituated
dimethacrylate,
Procrylat resin

silane treated
zirconia/silica,

ytterbium
trifluoride

64.5 wt % N414680

Conventional
flowable

composite

Filtek
Ultimate Flow FUF

3M ESPE,
St Paul,

MN, USA
A2

BisGMA, TEGDMA,
substituated

dimethacrylate,
Procrylat resin

silane treated
zirconia/silica,

ytterbium
trifluoride

65 wt % N652740

Abbreviations: U, universal; UDMA, urethane dimethacrylate; EBPADMA, ethoxylated Bisphenol A
dimethacrylate; TEGDMA, triethylene glycol dimethacrylate; BisEMA, Bisphenol A polyethylene glycol diether
dimethacrylate; BisGMA, Bisphenol A diglycidil ether dimethacrylate; Procrylate, reacted polycaprolactone
polymer. Missing entries are not specified by the manufacturer.
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4.1. Preparation of the Composite Resin Specimens

The flowable bulk-fill RBCs (SDR, XB, FBF) were poured into a stainless steel mold with a size of
3 mm in diameter ˆ 4 mm in thickness (n = 3 ˆ 5) and positioned on a glass slide. As the negative
control, conventional flowable composite (FUF) samples were used also with a size of 3 mm in
diameter ˆ 4 mm in thickness (n = 5) to be comparable with bulk-fill RBCs and with a size of 3 mm
in diameter ˆ 2 mm in thickness (n = 5) as a positive control. During preparation, each sample was
measured to obtain samples of similar weight and volume. The top and the bottom of the RBC were
covered with a polyester (Mylar, Dentamerica Inc., San Jose Ave, CA, USA) strip in order to avoid
contact with oxygen, which is an inhibitor of the polymerization. The specimens were irradiated with
a light-emitting diode (LED) curing unit (λ = 420–480 nm; LED.C, Woodpecker, Guilin, China) with
the recommended exposure time at a light intensity of 1100 mW¨ cm´2 with an irradiated diameter
of 10 mm. The manufacturer’s instruction for curing time at a 4-mm thickness and universal shades
is 10 s in FBF and XB bulk-fill RBCs. In the case of these two materials, the effect of extended curing
time (20 s) was also investigated. For SDR, the recommended exposure time is 20 s without giving
a suggested value for the light intensity. In the case of A2 shade conventional flowable RBC, a 20-s
exposure time at a 2-mm thickness is recommended; however, to investigate and to compare the DC
value and the amount of released monomers, this product was also used in a 4-mm thickness and was
irradiated only for 20 s. Table 2 summarizes the abbreviations of the prepared samples.

Table 2. Sample preparation with layer thickness and exposure time.

Abbreviation Material Layer Thickness (mm) Exposure Time (s)

FUF_2mm_20s Filtek Ultimate Flow 2 20
FUF_4mm_20s Filtek Ultimate Flow 4 20
FBF_4mm_10s Filtek Bulk Fill 4 10
FBF_4mm_20s Filtek Bulk Fill 4 20
XB_4mm_10s X-tra Base 4 10
XB_4mm_20s X-tra Base 4 20

SDR_4mm_20s SureFil SDR Flow 4 20

A radiometer (SDS, Kerr, Danbury, CT, USA) was used to control the intensity of the curing unit
before and after the light exposition. The tip of the curing light guide was positioned parallel and
1 mm above the composite sample. One day after polymerization, the specimens were measured with
micro-Raman spectroscopy. For the dissolution of the unreacted monomers the specimens were stored
in 1 mL of 75% ethanol/water solution for 72 h in darkness at room temperature. After 3 days, the
amount of dissolved unpolymerized monomers was analyzed with reverse-phase high-performance
liquid chromatography (RP-HPLC) from the ethanol solutions.

4.2. Micro-Raman Spectroscopy Measurement

The polymerized composite samples were examined using a Labram HR 800 Confocal Raman
spectrometer (HORIBA JobinYvon S.A.S., Longjumeau Cedex, France) 24 h after polymerization.
During the micro-Raman measurements, a 20-mW He-Ne laser with a 632.817-nm wavelength was
applied; the spatial resolution was ~1.5 μm; the spectral resolution was ~2.5 cm´1; with magnification
of 100ˆ (Olympus UK Ltd., London, UK), applying a D 0.3 filter (~1.98 mW on the sample). The spectra
were taken on the top and also on the bottom surface of the composite specimens at three random
locations. The integration time was 10 s, and ten acquisitions were averaged for each geometrical point.
Uncured composite spectra were measured as a reference. These samples were placed between two
non-fluorescent glass slides. Post-processing of spectra was performed using the dedicated software
LabSpec 5.0 (HORIBA JobinYvon S.A.S., Longjumeau Cedex, France), and the Levenberg–Marquardt
non-linear peak fitting method was applied for the best fit [59,60]. The following equation was used to
calculate the ratio of the double-bond content of monomer to polymer in the composite:
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DC% “
ˆ

1 ´
ˆ

Rcured
Runcured

˙˙
ˆ 100 (1)

where R is the ratio of aromatic and aliphatic C=C bonds at peak intensities of 1639 cm´1 and 1609 cm´1

in cured and uncured composite samples, respectively [43,61].

4.3. RP-HPLC Measurements

The RP-UHPLC system (Dionex Ultimate 3000, Thermo Fisher Scientific Inc, Sunnyvale, CA, USA)
consists of a Dionex LPG 3400 SD gradient pump, Dionex ACC 3000 autosampler and a Dionex UWD
3400 RS UV–VIS detector (Dionex GmbH, Germering, Germany). Data acquisition was completed
using Chromeleon software integrated in Hystar (version: 3.2). The separations were performed on a
Synergi HYDRO-RP (particle size: 4 μm; pore size: 8) (Phenomenex, Gen-Lab, Budapest, Hungary)
column (150 mm ˆ 2.00 mm) with gradient elution. The composition of Eluent “A” was 40% v/v ACN
in bidistilled water, whereas Mobile Phase “B” was composed of 95% v/v ACN and 5% bidistilled water.
During the 30-min chromatographic separation, the “B” eluent content increased from 20%–100%.
The low rate was 0.3 mL¨ min´1. As the regeneration of the stationary phase, Mobile Phase B content
was decreased from 100% down to 20% in 1 min, and after 31–46 min, the system was washed with
20% “A”.

The detection of the eluted monomers was at the following wavelengths: 205, 215, 227 and 254 nm.
Two hundred five nanometers was found to be optimal; therefore, the evaluation relied on the data
collected at this wavelength. Each separation was implemented at room temperature.

The amount of the eluted monomers was calculated by the calibration curve with the areas under
the curve of peaks produced by the monomers, respectively. The TEGDMA, UDMA and BisGMA
standard solutions had retention times of 2.95, 5.08 and 6.88 min, respectively, whereas the peaks were
well separated from each other.

4.4. Validation of the Monomer Determination the Limit of Detection and the Limit of Quantification

The detection limit (determined as the amount of monomers giving a peak height 5-times higher
than the noise level) of TEGDMA is 0.018 pmol (5.19 pg), UDMA, 0.015 pmol (7.196 pg), and BisGMA,
0.007 pmol (3.556 pg). The quantification limit of the method (the peak height of the monomers
10-times higher than the noise level) was low for TEGDMA is 0.036 pmol (10.382 pg), for UDMA,
0.031 pmol (14.392 pg), and for BisGMA, 0.014 pmol (7.1120 pg). Calibration was carried out in the
range of 1–50.0 μg¨ mL´1 monomers, respectively. A calibration curve was plotted by the measurement
of standard solutions at 205 nm (R2) 0.9924 for TEGDMA, 0.9966 for UDMA and 0.9996 for BisGMA,
respectively. All injections were repeated three times.

4.5. Statistical Analysis

The statistical analysis was performed using SPSS (Statistical Package for Social Science, SPSS
Inc., Chicago, IL, USA) software for Windows. The values for the degree of conversion and for
residual monomers between the studied test groups were compared by a one-way analysis of variance
(ANOVA) test followed by Dunnett’s t-test at the α = 0.05 level.

5. Conclusions

Within the limitation of the present study, the following can be concluded:

(1) Among the investigated low viscosity bulk fill and conventional flowable RBCs, SDR showed the
highest DC value at the top and bottom surface of the samples.

(2) The DC values of the 4 mm-thick bulk-fill composites SDR, FBF, XB were significantly higher
than that of the 4 mm-thick conventional composite (negative control) studied; meanwhile, only
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SDR bulk-fill resulted in a higher DC value compared to that of the 2 mm-thick conventional
flowable RBC (positive control).

(3) Although the recommended exposure time by the manufacturers for the universal shade FBF and
XB is 10 s (with a 1000-mW/cm2 curing unit), extended (20 s) curing time significantly increased
the DC% value.

(4) The amount of released BisGMA and TEGDMA monomers from the bulk-fill composite materials
was generally lower than from the conventional composite.

(5) Among bulk fills, in spite of the highest DC%, SDR showed the highest rate of TEGDMA elution;
meanwhile, the highest amount of UDMA was eluted from FBF.
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Abbreviations

DC degree of conversion
HPLC high performance liquid chromatography
RP-HPLC reverse-phase high-performance liquid chromatography
SDR SureFil SDR Flow
XB X-tra Base
FBF Filtek Bulk Fill
FUF Filtek Ultimate Flow
FUF_2mm_20s Filtek Ultimate Flow in a 2-mm layer thickness cured for 20 s
FUF_4mm_20s Filtek Ultimate Flow in a 4-mm layer thickness cured for 20 s
FBF_4mm_10s 4 mm-thick Filtek Bulk Fill light cured for 10 s
FBF_4mm_20s 4 mm-thick Filtek Bulk Fill light cured for 20 s
XB_4mm_10s 4 mm-thick X-tra Base light cured for 10 s
XB_4mm_20s 4 mm-thick X-tra Base light cured for 20 s
SDR_4mm_20s SureFil SDR Flow in a 4-mm layer thickness cured for 20 s
UDMA urethane dimethacrylate
BisGMA bisphenol A diglycidyl ether dimethacrylate
TEGDMA triethylene glycol dimethacrylate
BisEMA bisphenol A polyethylene glycol diether dimethacrylate
EBPADMA ethoxylated bisphenol A dimethacrylate
RBC resin-based composite
SD standard deviation
QTH quartz tungsten halogen
LCU light curing unit
CQ camphorquinone
CAN acetonitrile
LED light emitting diode
LOD limit of detection
LOQ limit of quantification
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Abstract: Dental pain is a common health problem that negatively impacts the activities of daily
living. Dentine hypersensitivity and pulpitis-associated pain are among the most common types
of dental pain. Patients with these conditions feel pain upon exposure of the affected tooth to
various external stimuli. However, the molecular mechanisms underlying dental pain, especially
the transduction of external stimuli to electrical signals in the nerve, remain unclear. Numerous ion
channels and receptors localized in the dental primary afferent neurons (DPAs) and odontoblasts
have been implicated in the transduction of dental pain, and functional expression of various
polymodal transient receptor potential (TRP) channels has been detected in DPAs and odontoblasts.
External stimuli-induced dentinal tubular fluid movement can activate TRP channels on DPAs
and odontoblasts. The odontoblasts can in turn activate the DPAs by paracrine signaling through
ATP and glutamate release. In pulpitis, inflammatory mediators may sensitize the DPAs. They
could also induce post-translational modifications of TRP channels, increase trafficking of these
channels to nerve terminals, and increase the sensitivity of these channels to stimuli. Additionally,
in caries-induced pulpitis, bacterial products can directly activate TRP channels on DPAs. In this
review, we provide an overview of the TRP channels expressed in the various tooth structures, and
we discuss their involvement in the development of dental pain.

Keywords: dental pain; dentine hypersensitivity; pulpitis; TRP channels; dental primary afferent
neurons; odontoblasts; transduction mechanism

1. Introduction

Dental pain or odontogenic pain is the pain that initiates from the teeth or their supporting
structures. The most common cause of dental pain is dental caries or tooth decay, the worldwide
prevalence of which is very high. It was reported that in 2010, dental caries in permanent teeth
remained the most prevalent global health problem, affecting 2.4 billion people, and dental caries in
deciduous teeth constituted the tenth most prevalent health condition, affecting 621 million children
worldwide [1]. Untreated dental caries lead to pulpitis (inflammation of the dental pulp) [2–6].
Typically, pulpitis is caused by invasion of the commensal oral microorganisms into the pulp due to
caries [2,3]. Irritation of the dental pulp by mechanical, chemical, thermal or electrical stimuli may
also cause pulpal inflammation [2–6]. Other causes of pulpitis include trauma, cracks on the tooth and
periodontal infections [4,6]. Symptomatic pulpitis can be an extremely painful condition and is one of
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the main reasons that patients seek dental treatment [4,6,7]. It is often associated with intense lingering
pain to thermal stimuli. The pain can be spontaneous, diffuse or referred [4,6,7].

Dentine hypersensitivity is another common odontogenic pain condition, the prevalence of which
varies widely, ranging from 3–98% [8–14]. It is characterized by short, sharp pain arising from exposed
dentine in response to stimuli—typically, thermal, evaporative, tactile, osmotic or chemical—and which
cannot be ascribed to any other form of dental defect or disease [13–15]. The dentine can be exposed by
chemical erosion, mechanical abrasion/attrition of enamel, and by loss of cementum following gingival
recession [6,13–15]. The modern lifestyle increases the consumption of acidic foods and drinks that
can result in significant tooth wear and exposure of dentine on any aspect of the tooth surface [13–17].
Dentine hypersensitivity is a special condition where dental pain arises in response to non-noxious
stimuli on the exposed dentine that normally does not elicit pain in healthy teeth [6,13–15]. Even light
tactile stimuli (weak air puff or water spray directed to the exposed dentine), which may only produce
light touch sensation on the oral mucosa or skin, provokes abrupt intense pain [6,13–15]. There are
three widely-held theories on the pathogenesis of this type of pain: (1) Dentinal fluid hydrodynamic
theory, in which it has been proposed that external stimuli cause movement of the dentinal fluid that
ultimately excites the nerve fibers in the pulp and initiates pain; (2) Neural theory, in which it has
been suggested that the nerve fibers that project into the dentinal tubules directly respond to external
stimuli; (3) Odontoblast transducer theory, in which odontoblasts themselves have been suggested
as pain transducers [13–15,18–20]. Among these, the dentinal fluid hydrodynamic theory is the most
widely accepted, although not without controversy [16,18–27]. In one study, water application onto
human dentine did not evoke pain; however, it caused dentinal tubular fluid movement in vitro [24].
Another study demonstrated a lack of correlation between dentinal fluid flow and pain in patients
after cold stimulation of the exposed dentine, suggesting that cold-sensitive receptors might also be
involved in pain transduction [26]. Recently, based on their findings, Shibukawa et al. proposed the
“odontoblast receptor hydrodynamic theory”, in which they posit that the movement of the dentinal
fluid mechanically stimulates mechanoreceptors in both odontoblasts and the nerve fibers in the
pulp [27]. Odontoblasts, movement of dentinal tubular fluid and nerves in the dental pulp may
all be involved in dentine hypersensitivity; however, the underlying mechanisms are not yet fully
understood [15].

In addition to painful pulpitis and dentine hypersensitivity, pain may also occur when intense
thermal stimuli are applied on the surface of a normal intact tooth [28–31]. In the clinic, thermal pulp
testing (applying heat or cold onto the tooth surface) is routinely used to test the vitality of the dental
pulp of a tooth [28,29]. Thermal pulp testing induces a localized sharp pain in the tooth being tested
if the tooth is vital [28–31]. Drinking/eating of very cold or hot drink/food may also induce dental
pain [28,30,31].

Although dental pain is a common health problem, its molecular and cellular pathophysiology,
particularly, how the external stimuli (e.g., physical, chemical or thermal) are transduced into electrical
signals in the nerve that are ultimately perceived as pain, remain unclear. Various ion channels
(e.g., voltage-sensitive Na+, mechanosensitive K+, L-type voltage-dependent Ca2+ channels) have
been reported to be expressed in the dental pulpal afferents and in the odontoblasts, and may play an
important role in the transduction process [32–35]. In recent decades, TRP channels have also been
detected in odontoblasts and dental primary afferent neurons (DPAs), and have been implicated in the
transduction of external stimuli into pain signals in the tooth [15,27,35,36]. This review focuses on the
involvement of TRP channels in the transduction of dental pain.

2. Dental Innervation

Teeth are highly vascularized and richly innervated structures [6,37,38]. The nerves of a tooth
are mainly confined to the dental pulp [37,38]. The sensory stimuli-detecting nerve networks in the
dental pulp differ in many ways from those in the skin or oral mucosa [34,39]. The various types
of stimuli (e.g., mechanical, chemical or thermal) to the dental pulp or exposed dentine generally
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elicit only pain sensation, while these stimuli applied to the skin or oral mucosa produce distinct
types of sensation [20,34,35,39,40]. The majority of the axons of the nerves that innervate a tooth
enter the dental pulp through the apex [37,38,41,42]. Electron microscopic analysis of the nerve fibers
within the dental pulp show that around 70–90% of the axons are unmyelinated (C-fibers) [40,41].
The remaining axons are mostly thinly myelinated (Aδ-fibers), and a very small amount are thickly
myelinated (Aβ-fibers) [37,38,40,41]. However, animal studies in which retrograde labeling techniques
were used to evaluate the size and histochemical composition of pulpal sensory neurons within
the trigeminal ganglion (TG) suggest that the parent axons of the dental pulpal nerves are largely
myelinated (Figure 1) [42–44].

Figure 1. Innervation of a tooth. The cell bodies of the dental primary afferent neurons are located
in the trigeminal ganglion (TG). The axons of the afferent neurons project to the dental pulp through
the two major branches of the trigeminal nerve, namely, the mandibular (shown in the figure) and
maxillary nerves. A large number of the parent axons of the afferent neurons before entering into the
dental pulp are myelinated. After entering the dental pulp, they extend branches and gradually lose
their myelin sheath. In the crown area, the axons branch extensively to form the plexus of Raschkow.
Many axons terminate very close to the odontoblasts and sub-odontoblastic cells, and some enter the
dentinal tubules for a short distance into the inner part of the dentine.

It has been observed that the ratio of myelinated axons to unmyelinated axons is reduced in
nerves closer to teeth, compared with more distant sites, indicating progressive loss of the myelin
sheath as axons course toward the tooth [44,45]. Using electron microscopic analysis, a study reported
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that the percentage of unmyelinated axons was higher in the crown area compared with the root area
in rat molars [46]. In that study, the unmyelinated axons of the dental pulp showed immunoreactivity
to a marker of myelinated nerves, neurofilament (NF)-200, and the percentage of NF-200-positive
unmyelinated axons was greater in the crown area than in the root area [46]. The conduction velocity
in the nerve fibers outside the dental pulp was higher than in the nerve fibers located inside the
pulp [47,48]. A study on human teeth also found that unmyelinated nerve fibers within the dental pulp
show immunoreactivity to markers for myelinated nerves (neurofilament-200, neurofilament-52) [49].
Furthermore, studies have reported that the majority of parent axons before entering the dental pulp
are thinly myelinated (Aδ), with a higher conduction velocity compared with nerve fibers inside the
dental pulp [44,47–49]. These findings suggest that many parent axons in the dental pulp afferents
are myelinated. Consistently, studies have reported that the cell bodies of the majority of the afferent
fibers from the dental pulp that are located in the TG are medium-sized (Aδ-neurons), while a minority
are large (Aβ-neurons) or small (C-neurons) [42,43]. After entering the dental pulp through the apex
of the tooth, the parent axons of the afferent nerves extend branches and gradually lose their myelin
sheath [43,46,49,50] (Figure 1). In the radicular pulp, the axons give off only a few branches, but in
the coronal pulp, the axons branch extensively to form the plexus of Raschkow (Figure 1) [6,37,38,41].
The axons lose their myelin sheath mostly in the coronal pulp and emerge as free nerve endings (brush
or fan-shaped) [49–51]. Many axons terminate very close to the odontoblasts, as well as sub- and
peri-odontoblastic cells, and some enter the dentinal tubules and continue along odontoblast processes
for a short distance, no further than 0.2 mm into the inner part of the dentine [51]. Some axons make
endings in both the pulp and the dentinal tubule [51]. It has been reported that around 30–70% of
odontoblast processes of a tooth are in close association with nerve endings in the inner part of the
dentine [50]. The dental pulp also contains sparsely distributed sympathetic postganglionic efferent
nerve fibers (unmyelinated), which mostly innervate the blood vessels, while parasympathetic nerve
fibers have not been observed [40,41,52,53].

Cytochemically, the DPAs are distinct from the afferent neurons of the skin [34,39,43]. Generally,
in the skin, the afferent neurons can be clearly divided into two major groups—peptidergic
and non-peptidergic [54,55]. The peptidergic neurons express a variety of neuropeptides and
signaling proteins, including calcitonin gene-related peptide (CGRP), substance P, nerve growth
factor (NGF) receptor and tyrosine kinase A (TrkA) receptor, and these neurons are responsive to
NGF. In comparison, the non-peptidergic neurons express isolectin B4 (IB4), glial cell line-derived
neurotrophic factor (GDNF) family receptor alpha-1 (GFRα1) and receptors for other GDNF family
members, and these neurons are responsive to GDNF [32,55–57]. The non-peptidergic neurons also
express purinergic receptors (P2X3, a receptor for ATP) [58–60]. The pulpal afferents cannot be
categorized into these two broad groups. They display the cytochemical features of both peptidergic
and non-peptidergic neurons, which is rare for skin somatosensory afferents [61,62]. Although
most pulpal afferents do not express IB4, they express other markers of non-peptidergic neurons
such as GFRα1 and P2X3 [61,62], and a large group of pulpal afferents also express markers for
peptidergic neurons such as CGRP, NGF receptor, substance P and TrkA receptors [63–65]. Another
unique feature of dental pulp afferents is that they express markers for both mechanoreceptors and
nociceptors [39,43,49,61,62]. It has been observed that pulpal nerve fibers express various cytochemical
markers of mechanosensitive nerve fibers, such as neurofilament (NF) markers (e.g., NF-200,
NF-52), parvalbumin, calbindin, epithelial sodium channels (ENaCs), acid-sensing ion channel 3
(ASIC3) and mechano-gated potassium channels [32,34,39,43,61,62,66,67]. They also express various
cytochemical markers of nociceptive nerve fibers in the skin, such as CGRP, GFRα1, TrkA and substance
P [39,43,61,68,69].

3. TRP Channels and Their Presence in Dental Tissues

TRPs are integral pore-forming membrane proteins that function primarily as non-selective ion
channels [70–73]. They have a putative six-transmembrane-spanning protein domain with a pore
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region localized between transmembrane segments 5 and 6 [70–73]. They were discovered in the fruit
fly (Drosophila) in studies of their phototransduction (light detection) mechanism [74–76]. Later, they
were found in vertebrates, and to date, seven TRP subfamilies have been identified: TRPA (ankyrin),
TRPC (canonical), TRPM (melastatin), TRPML (mucolipin), TRPP (polycystin), TRPN (Drosophila
no mechanoreceptor potential C or NOMPC) and TRPV (vanilloid) [70–73,77]. Recently, the TRPY
subfamily was reported in yeast [78]. TRPN and TRPY are absent in mammals [70–73,77]. The TRPV
subfamily has six members (TRPV1–6), TRPA has one member (TRPA1), TRPC has seven members
(TRPC1–7), TRPM has eight members (TRPM1–8), TRPML has three members (TRPML1–3), TRPP has
three members (TRPP1–3), and TRPN has one member (TRPN1, found in fish) [70–73,77]. Among the
28 TRP channel genes that have been identified in mammals, 17 have been detected in the mouse TG
at the mRNA level [79]. Many TRP channel genes have also been identified in the human TG [80].

To date, to our knowledge four members of the TRPV subfamily (TRPV1, TRPV2, TRPV3, TRPV4),
four members of the TRPM subfamily (TRPM2, TRPM3, TRPM7, TRPM8), two members of the TRPC
subfamily (TRPC1, TRPC6), and one member of the TRPA subfamily (TRPA1) have been detected in
dental tissues (e.g., DPAs, odontoblasts).

3.1. TRPV

Among the six members of the TRPV subfamily, TRPV1–4 are weakly Ca2+-selective cation
channels [70–73]. They can be activated by thermal stimulation, and are therefore referred to as
thermo–TRPs [70–73,81]. In vitro studies show that TRPV1–4 can be activated by temperatures ranging
from ~34 (TRPV4) to ~52 ◦C (TRPV2) [81]. The temperature range for channels activation is not strict,
and a thermal threshold is not the optimal parameter to describe thermo-TRPs, because, the sensitivity
for thermal activation of these channels is substantially modified by cellular and environmental
factors [82–84]. For example, TRPV1 (normal activation temperature ~43 ◦C) can be activated at
much lower temperatures when the membrane depolarized than when it hyperpolarized [82,83].
TRPV5–6 are highly Ca2+-selective and are not activated by heat. They play an important role in Ca2+

homeostasis [70–73].
TRPV1, which is also known as the capsaicin receptor, was the first member of the TRPV

subfamily to be isolated [78]. It is activated by various exogenous and endogenous stimuli, such as
capsaicin (found in hot chili peppers), acids (pH < 5.9), heat, inflammatory mediators (e.g., bradykinin,
prostaglandins), NGF, anandamide (arachidonoyl ethanol amide), arachidonic acid metabolites
(e.g., N-arachidonoyl-dopamine), lipoxygenase products (e.g., 12-hydroperoxyeicosatetraenoic acid),
adenosine and ATP [85–91]. The threshold for activation of TRPV1 is dynamic [87,90,91]. For example,
the threshold is decreased by inflammatory mediators, but after activation by capsaicin, there is a
sustained refractory state (desensitization) [70–73,87,90,91]. Activation of TRPV1 has been shown to
promote the release of neuropeptides such as substance P and CGRP [70–73,87,91]. TRPV1 is expressed
predominantly in C-fibers and, to a lesser extent, in Aδ fibers [70–73,87,91]. In addition to sensory
neurons, TRPV1 expression has been detected in various other tissues, including keratinocytes of the
skin and oral mucosa, epithelium of the respiratory system, digestive tract, urinary bladder, cardiac
muscle, vascular smooth muscle, and the endothelium of blood vessels [87,92]. TRPV1 has been
reported to play an important role in thermal nociception [70–73,87,91]. The importance of TRPV1
in pain sensation has been demonstrated by studies in TRPV1 knockout mice [93]. It plays a role
in many physiological functions, including satiety, olfaction, gastrointestinal motility, and energy
homeostasis [72,87,92–95].

TRPV2 channels share 50% sequence identity with TRPV1 [70,73,81,96]. This channel has been
reported to function as a thermoreceptor, mechanoreceptor and osmoreceptor [70,73,81,96,97]. TRPV2
is activated by noxious temperature (~52 ◦C) in vitro [97–99]. However, in vivo, TRPV2 knockout
mice exhibit a thermal response similar to wild-type mice [100]. TRPV2 is expressed in the peripheral
and central nervous systems [70,73,81,97,99,101–104]. In the spinal dorsal root ganglia (DRG) and
in the trigeminal ganglia (TG), expression of TRPV2 was observed in the medium to large-diameter
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primary afferent neurons [97,99,102–104]. In culture, one-third of TRPV2-expressing DRG neurons
are CGRP-positive, and activation of these neurons by a TRPV2 agonist results in CGRP release [102].
In the central nervous system, TRPV2 expression has been observed in a number of regions that are
involved in osmoregulation and other autonomic functions [97,99,101].

TRPV3 can be activated by innocuous temperature (31–39 ◦C), various natural compounds (such as
camphor and carvacrol), synthetic agents (such as 2-aminoethoxydiphenyl borate), and the endogenous
ligand farnesyl pyrophosphate (FPP) [105–108]. TRPV3 expression in sensory neurons of the peripheral
nervous system is not consistent across species, and it is minimally expressed in sensory neurons in
the rodent; however, the channel is relatively abundantly expressed in skin keratinocytes [109–112].
TRPV3 is also expressed in the epithelial cells of the oral and nasal cavities, as well as the cornea, where
it is reported to be involved in wound healing and thermo-sensation [111,112]. TRPV3 in keratinocytes
is reported to be involved in nociception mediated by ATP [110]. Indeed, increased pain sensitivity is
observed in transgenic mice overexpressing TRPV3 in skin keratinocytes [113].

TRPV4 was identified as an osmoreceptor [97,114–116]. Later, it was shown to be a polymodal
receptor that can be activated by various stimuli, including innocuous warm temperature (27–35 ◦C)
and mechanical stimuli (membrane stretch and shear stress) [97,117–121]. This channel can
be activated by arachidonic acid metabolites, synthetic chemical agents such as 4α-phorbol
12,13-didecanoate, GSK1016790A, and the plant extract bisandrographolide A [70,72,73,122]. TRPV4
has also been implicated in nociception, itch, inflammatory pain, neuropathic pain and visceral
pain [70,72,73,123–127]. Expression of TRPV4 is observed in DRG neurons [123,126,127] and
TG [121,128–130] neurons. It is also expressed in satellite glial cells (cells surrounding the neurons) in
the DRG that regulate neuronal excitability in pain and inflammatory conditions [131]. Inflammatory
mediators (e.g., prostaglandins and proteases) may sensitize TRPV4, resulting in hyperalgesia [123,132].
Furthermore, escape latency in the hot plate test is increased following tissue injury and inflammation
in TRPV4 knockout mice, suggesting involvement of TRPV4 in thermal hyperalgesia [124].

3.1.1. TRPV in DPAs

TRPV channels have been detected in the cell bodies of DPAs located in the TG [133–138]. Among
the six members of the TRPV subfamily, TRPV1 has been the most extensively studied [133–141].
In animals, the percentage of TRPV1-expressing dental pulp TG afferent neurons varies among
the published papers from 8% to 85%, and TRPV1 expression is observed in small, medium and
large neurons [133–138]. In 2001, Ichikawa & Sugimoto reported that approximately 8% of rat
DPAs express TRPV1, and that 20% of these co-express the neuropeptide CGRP [133]. They also
compared TRPV1-immunoreactive afferent neurons in the dental pulp and the facial skin [133].
The percentage of TRPV1-immunoreactive neurons was lower in the dental pulp (17%) than in the facial
skin (26%) [133]. The same year, Chaudhary et al. reported TRPV1 mRNA expression in the cell bodies
of DPAs in the TG, and 65% of these cells were excited by capsaicin. The capsaicin-evoked excitation
was attenuated by a TRPV1 antagonist (capsazepine) [134]. Similar to Ichikawa & Sugimoto [133],
Chung et al. reported that approximately 10% of the dental pulpal afferent neurons expressed TRPV1,
and that the majority of these were small to medium neurons [135]. They also observed that TRPV1
expression was upregulated by application of lipopolysaccharides (a product of Gram-negative
bacteria) into the dentine [135]. Stenholm et al. reported that 21–34% of dental pulpal afferent
neurons were TRPV1-immunoreactive, slightly higher than among gingival primary afferent neurons
(21–26%) [136]. Gibbs et al. found that approximately 17% of the afferent neurons in the TG from
the dental pulp expressed TRPV1, lower than the percentage of TRPV1-immunoreactive afferent
neurons from the periodontal ligament (26%) in the rat [104]. They also found that 70% of the
TRPV1-immunoreactive neurons were myelinated, and that a majority (82%) of these were medium to
large-diameter neurons [104]. Furthermore, 60% of the TRPV1-immunoreactive neurons co-expressed
CGRP [104]. A high percentage of TRPV1-immunoreactive DPAs was observed by Kim et al. [137] and
Park et al. [138]. Kim et al. showed that 85% of the retrograde-labeled rat DPAs were immunoreactive
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for TRPV1, and that 71% of them produced inward cationic currents in response to application of a
TRPV1 agonist (capsaicin) [137]. Park et al. observed that 45% of the DPAs expressed TRPV1 [138].
They also showed that application of a TRPV1 agonist increased the intracellular Ca2+ concentrations
and produced inward currents in these neurons. Temperature changes (>42 ◦C) also increased the
intracellular Ca2+ concentrations and produced inward currents [138].

Expression of TRPV1 has been reported in the nerve fibers within the dental pulp in animal and
human studies [137,139–141]. Kim et al. [137] found TRPV1-immunoreactive nerve fibers within the
rat dental pulp; however, Gibbs et al. did not observe TRPV1-immunoreactive nerve fibers within the
dental pulp of rat molars [104]. TRPV1 immunoreactivity has also been detected in the dental pulp
nerve fibers of the human permanent teeth [139–141], and immunoreactivity is significantly increased
in carious teeth compared with non-carious teeth [141]. Interestingly, TRPV1 expression tended to be
increased in painful carious teeth compared with non-painful carious teeth, although the difference
was not significant [141].

TRPV2 is expressed in the nerves within the dental pulp and in the cell bodies of the DPAs
located in the TG [103,104,136]. In 2000, Ichikawa & Sugimoto reported TRPV2-immunoreactive nerve
fibers within the rat dental pulp [103]. In the root area, TRPV2 immunoreactivity was observed in
the nerve bundles, and in the crown area, the TRPV2-immunoreactive nerve fibers were ramified
and extended to the base of the odontoblastic cell layer [103]. These investigators also observed that
approximately 37% of the dental primary afferent neurons retrogradely traced in the TG expressed
TRPV2, and that most of these were medium to large neurons [103]. In addition, 45% of these
neurons co-expressed CGRP, and 41% co-expressed parvalbumin (a marker of proprioceptors) [103].
Furthermore, the percentage of TRPV2-immunoreactive afferent neurons (37%) was greater than the
percentage of TRPV2-immunoreactive facial skin afferent neurons (9%) [103]. Stenholm et al. reported
that 32–51% of DPAs expressed TRPV2, somewhat higher than the percentage of TRPV2-expressing
gingival afferent neurons (41%) [136]. Gibbs et al. reported that a higher percentage of rat DPAs
expressed TRPV2 compared with TRPV1; 50% were immunoreactive for TRPV2, while 17% were
immunoreactive for TRPV1 [104]. They also observed that TRPV2 expression was higher among
DPAs (50%) compared with primary afferent neurons from the periodontal ligament (41%) [104].
Approximately 83% of the TRPV2-immunoreactive neurons were myelinated, and the majority of these
were medium to large neurons [104]. Around 33% of the TRPV2-immunoreactive neurons co-expressed
CGRP [104].

TRPV3 and TRPV4 are expressed in the TG on afferent neurons from the facial skin and
temporomandibular joint [105,129,130]. TRPV4 expression is also observed on the nerves of human
dental pulp, and expression is upregulated by chronic inflammation of the pulp [142].

3.1.2. TRPV in Odontoblasts

In 2005, Okumura et al. reported expression of TRPV1 on odontoblasts in neonatal rat
teeth [143]. They also showed a capsaicin-induced inward current in the odontoblasts using the
patch clamp technique that was inhibited by capsaizepine [143]. However, in acutely isolated
adult rat odontoblasts, Yeon et al. did not observe expression of TRPV1 by immunohistochemistry,
and intracellular Ca2+ concentration in the odontoblasts was not increased by application of heat
(42 ◦C) or a TRPV1 agonist (capsaicin) [144]. They also did not detect TRPV1 or TRPV2 mRNA
in the odontoblasts [144]. In contrast, Tsumura et al. reported expression of TRPV1 in adult
rat odontoblasts, on the cell membrane and on their processes [145]. Application of an agonist
(capsaicin/resiniferatoxin/low pH solution) increased the intracellular Ca2+ level, which was inhibited
by application of antagonists [145]. They also reported that the TRPV1 channels in odontoblasts are
functionally coupled with cannabinoid receptor 1 and Na+–Ca2+ exchangers, and that this coupling
is mediated by cyclic adenosine monophosphate (cAMP) [145]. TRPV1 has also been detected on
the odontoblasts of extracted healthy caries-free human premolar teeth [139]. mRNAs for TRPV1,
TRPV2, TRPV3 and TRPV4 were detected in acutely isolated cultured odontoblasts by Son et al. [146].
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They also showed that when odontoblasts were stimulated by heat above 32 ◦C, the intracellular
Ca2+ concentration increased, suggesting functional involvement of TRPV1, TRPV2 and TRPV3 in
the transduction of heat stimuli [146]. In addition, the intracellular Ca2+ concentration was increased
when hypotonic solution was applied, suggesting involvement of TRPV4 channels [146]. Sato et al.
reported expression of TRPV2 and TRPV4 proteins in rat odontoblasts [147]. They also showed
that extracellular hypotonic solution-induced membrane stretching in cultured mouse odontoblast
lineage cells produces inward currents and increases intracellular Ca2+ concentration, which can be
inhibited by application of TRPV1, TRPV2 and TRPV4 channel antagonists, suggesting that these
channels function as mechanoreceptors in odontoblasts [147]. TRPV1 and TRPV4 expression has
been reported by immunohistochemistry, PCR and western blot analysis in human odontoblast-like
cells derived from the dental pulp of a permanent tooth [148,149]. Application of agonists to these
channels increases the intra-odontoblast Ca2+ concentration. Hypotonic solution-induced membrane
stretch also increases the intra-odontoblastic Ca2+ concentration, which can be reduced by channel
antagonists [148,149]. Brief (10 min) application of the pro-inflammatory cytokine tumor necrosis factor
(TNF)-α enhances the response to chemical agonists and hypotonic solution-induced membrane stretch,
suggesting that inflammation increases TRPV4 channel activation [148,149]. TRPV4 immunoreactivity
has been detected in odontoblasts and their process in extracted healthy caries-free immature human
third molar teeth [149]. Wen et al. reported expression of TRPV1, TRPV2 and TRPV3 in native
human odontoblasts as well as cultured odontoblast-like cells from healthy human third molars
by immunohistochemistry, quantitative real-time polymerase chain reaction (qRT-PCR), western
blotting and immunoelectron microscopy [150]. Immunoelectron microscopy revealed expression of
TRPV1, TRPV2 and TRPV3 in odontoblastic processes, mitochondria and endoplasmic reticulum [150].
Egbuniwe et al. reported expression of TRPV1 and TRPV4 mRNAs in odontoblast-like cells derived
from human immortalized dental pulp cells. They observed that the application of a TRPV4 agonist
increased the intra-odontoblastic Ca2+ concentration. They also observed that the agonist caused
release of ATP from the odontoblasts, which was blocked by pretreatment with the antagonist [151].
In odontoblast-like cells obtained from cultured dental pulp cells from newborn rats, mechanical
stimulation increases the intracellular Ca2+ concentration, and this effect can be attenuated by
application of TRPV1, TRPV2 and TRPV4 antagonists, suggesting that these channels function as
mechanosensors in these cells [27].

3.2. TRPM

TRPM8 has been detected in DPAs and pulpal fibroblasts. TRPM3 and TRPM7 are expressed in
odontoblasts, while TRPM2 is expressed in pulpal fibroblasts. TRPM2 is activated by cellular stress
and participates in various cellular functions, including cytokine production, cell motility and cell
death [152,153]. It can be activated by cytosolic adenosine diphosphate ribose (ADPR), oxidative stress
and moderate heat in various cell types [152–155]. TRPM2 expression has also been detected in afferent
sensory neurons in the DRG and TG [79]. This channel is implicated in pathogenic pain [156].

TRPM3 is expressed in non-neural (e.g., epithelium of the kidney, pancreatic β cells) and
neural tissues, including sensory neurons in the DRG and TG [157–161]. TRPM3 can be
activated by extracellular hypo-osmolarity, noxious heat (>30 ◦C) and chemical compounds, such
as pregnenolone sulfate (endogenous excitatory neurosteroid) and nifedipine (a drug used for
hypertension) [157,160,161]. TRPM3 knockout mice exhibit significant attenuation of thermal
hyperalgesia under inflammatory conditions [160].

Similar to other TRP channels, TRPM7 is expressed in a wide variety of tissues, including the
brain, heart and hematopoietic tissues [162–166]. TRPM7 has been implicated in multiple cellular
and physiological functions, including embryonic development, Mg2+ homeostasis, cell growth and
viability, synaptic transmission, and neuronal degeneration [163–166].

TRPM8 is activated by innocuous cooling (~26−15 ◦C) as well as by noxious cooling (<15 ◦C)
and by a number of cooling agents, such as menthol and icilin [167,168]. TRPM8 is expressed in
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small-diameter sensory neurons in the TG and DRG [169–172]. TRPM8 mRNA is more abundantly
expressed in the sensory afferents of the TG (especially those that innervate the tongue) compared with
the DRG [169–172]. While TRPM8 knockout mice do not lack sensation to noxious cold, they exhibit an
attenuation of avoidance behavior to moderately cold temperatures [173,174]. These mice also display
reduced cold hypersensitivity following nerve injury or complete Freund’s adjuvant (CFA)-induced
inflammation [175].

3.2.1. TRPM in DPAs

TRPM8 is expressed in rat DPAs in the TG [137,138,176]. By immunohistochemistry, Park et al.
observed that 13% of rat DPAs expressed TRPM8 [138]. Application of menthol (a TRPM8 agonist) or
exposure to temperatures less than 25 ◦C increase intracellular Ca2+ concentrations and evoke inward
currents in the TRPM8-expressing neurons [138]. In one study, TRPM8 mRNA expression was detected
in 58% of rat DPAs [137]. However, Michot et al. detected TRPM8 expression in only 5.7% of mouse
DPAs, similar to that in afferent neurons innervating the facial skin and the buccal mucosa [176].

3.2.2. TRPM in Odontoblasts

Expression of TRPM3, TRPM8 and TRPM7 in odontoblasts has been reported in numerous
studies [146,148,177–182]. Son et al. detected mRNA expression of osmo-sensitive TRPM3 channels
in acutely isolated cultured odontoblasts from neonatal mice [146]. They also suggested that TRPM3
in these cells are involved in the transduction of osmotic stimuli, based on their finding of increased
intra-odontoblastic Ca2+ concentration following exposure to hypotonic solution [146]. However,
these investigators did not observe functional expression of TRPM8 [146]. TRPM8 expression was
also not observed by Yeon et al. in acutely isolated adult rat odontoblasts at the mRNA level [144].
They showed that application of cold stimuli (12 ◦C) or menthol (TRPM8 agonist) did not increase the
intra-odontoblastic Ca2+ concentration [144]. In contrast, Tsumura et al. reported functional expression
of TRPM8 in acutely isolated adult rat odontoblasts [177]. TRPM8 immunoreactivity was observed
in the odontoblasts and their processes [177]. Chemical agonists (e.g., menthol, WS3, WS12) and
temperature changes (22 ± 1 ◦C) also increased the intra-odontoblastic Ca2+ levels, and these changes
could be reduced by an antagonist [177]. TRPM8 expression was also reported in odontoblast-like
cells from the dental pulp of a human permanent tooth at both the mRNA (using PCR) and protein
levels (using western blotting and immunohistochemistry) [148]. Chemical agonism also increased
the intra-odontoblastic Ca2+ concentration in an antagonist-sensitive manner [148]. TRPM8 has also
been detected in freshly isolated human odontoblasts at the mRNA and protein levels as well as in
odontoblasts and their processes in extracted healthy caries-free human permanent teeth [178].

By single-cell RT-PCR and immunocytochemical analysis, TRPM7 was detected in acutely isolated
rat odontoblasts [179,180]. Functionality of TRPM7 as a mechanoreceptor in acutely isolated rat
odontoblasts was reported by Won et al. [180]. In their study, hypotonic solution-induced membrane
stretch or chemical agonism for TRPM7 caused a transient increase in intra-odontoblastic Ca2+

concentration, which was blocked by a non-selective mechanosensitive channel blocker or a TRPM7
blocker [180]. TRPM7 in odontoblasts has also been reported to play an important role in dentine
mineralization by regulating intracellular Mg2+ and alkaline phosphatase activity [181,182].

3.3. TRPA

The only member of the TRPA subfamily, TRPA1 is generally involved in pain, thermal and
chemical sensation [70,73,91,97]. It is expressed in many tissues, including the brain, heart, small
intestine, lung, bladder and joints [183–185]. It is highly expressed in small and medium neurons in
the DRG and TG [91,183,186–188]. TRPA1 channels are co-localized with TRPV1, CGRP, substance
P and bradykinin receptors [186,189–191]. TRPA1 is activated by noxious cold (<8 ◦C) and by
exogenous chemical agents, such as allyl isothiocyanate (AITC, present in mustard oil and wasabi),
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cinnamaldehyde (found in cinnamon), allicin (found in garlic) and acrolein (present in diesel
exhaust) [191–193].

3.3.1. TRPA in DPAs

In rat DPAs (labeled using retrograde dye applied to the dental pulp), TRPA1 was observed
in 11% of neurons [138]. Chemical stimulation by icilin (a TRPA1 and TRPM8 agonist) and cold
stimulation (<17 ◦C) increase intracellular Ca2+ concentrations and produce inward currents in the
TRPA1-expressing neurons [138]. Kim et al. [137] reported that 34% of rat DPAs expressed TRPA1
mRNA, and Hermanstyne et al. [34] observed TRPA1 mRNA expression in 64% of retrogradely-labeled
DPAs in the rat. TRPA1 protein in the rat TG was increased following experimental exposure of the
dental pulp, implicating the protein in hyperalgesia and allodynia following tooth injury [194]. In the
mouse, TRPA1 was detected in 18.9% of DPAs, lower than in neurons innervating the buccal mucosa
(43%) or the facial skin (24.6%) [176]. In the same study, noxious cold stimulation of the tooth increased
the expression of c-Fos (a marker of neuronal excitation) in the brainstem trigeminal nucleus; however,
this increase was not blocked by systemic administration of a TRPA1 antagonist [176].

TRPA1 is also expressed in a large number of axons that branch extensively in the peripheral
pulp [195]. By electron microscopy, TRPA1 immunoreactivity was observed near the plasma membrane
of unmyelinated axons. TRPA1 was also co-localized with a sodium channel, Nav1.8. Furthermore,
TRPA1 expression on myelinated nerve fibers was upregulated in teeth with signs of pulpitis [195].

3.3.2. TRPA in Odontoblasts

Tsumura et al. reported expression of TRPA1 on the cell membrane of acutely isolated adult
rat odontoblasts and their processes [177]. The agonist AITC increased intracellular Ca2+ levels in
an antagonist-sensitive manner [177]. Temperature changes (13 ± 1 ◦C) also similarly increased the
intracellular Ca2+ level in a TRPA1 antagonist-sensitive manner. In addition, TRPA1 antagonists
reduce the hypotonic solution-induced increase in intracellular Ca2+ level, suggesting that TRPA1
functions as a mechanoreceptor in odontoblasts [177]. TRPA1 was found to be expressed at both the
mRNA and protein levels in human odontoblast-like cells derived from the dental pulp of a permanent
tooth [149,196]. A TRPA1 agonist also increased the intra-odontoblast Ca2+ concentration in an
antagonist-sensitive manner [149,196]. Gene silencing experiments showed that TRPA1 in odontoblasts
functions as a receptor for noxious cold temperature. Hypotonic solution-induced membrane stretch
and chemical agonism also increased the intra-odontoblastic Ca2+ concentration [149,196]. A brief
(10 min) application of TNF-α enhanced these responses, suggesting that inflammatory conditions
increase TRPA1 activity [149,196]. Long-term (24 h) application of TNF-α also enhanced TRPA1
activity and upregulated its mRNA and protein levels in odontoblast-like cells [149]. Furthermore,
TRPA1 immunoreactivity in odontoblasts and their process is increased in carious teeth compared with
caries-free human third molar teeth [149,196]. Egbuniwe et al. reported expression of TRPA1 mRNA
in odontoblast-like cells from human immortalized dental pulp cells [151]. A TRPA1 agonist increased
the intra-odontoblastic Ca2+ concentration and caused the release of ATP from these cells, and this
effect was blocked by antagonist pretreatment [151]. TRPA1 is also detected on odontoblasts and their
processes in extracted healthy caries-free human premolar teeth [195]. However, Tazawa et al. did not
observe TRPA1 immunoreactivity on odontoblasts or their processes in extracted healthy caries-free
human permanent teeth [178]. In acutely isolated adult rat odontoblasts, Yeon et al. also did not
observe TRPA1 mRNA expression [144]. A study using odontoblast-like cells derived from cultured
dental pulp cells of newborn rats found that mechanical stimulation increased the intra-odontoblastic
Ca2+ concentration, which was attenuated by a TRPA1 antagonist, suggesting involvement of this
channel in the transduction of mechanical stimuli [27].
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3.4. TRPC

TRPC1 and TRPC6 have been reported to be expressed in odontoblasts [179,197,198]. TRPC1 plays
an important role in store-operated Ca2+ entry (SOCE) in a variety of tissues and cell types [199,200].
TRPC1 is highly expressed in the hippocampus, amygdala, cerebellum, substantia nigra and inferior
colliculus [201–203], and participates in important neuronal processes related to synaptic transmission
and plasticity [203]. TRPC1 expression is observed on large myelinated sensory neurons in the
DRG [204], and it and TRPC6 play critical roles in mechanosensation, hearing [205–208] and cell
membrane stretch [206,207]. TRPC1 and TRPC6 are co-expressed with TRPV4 in the DRG, where they
are implicated in mechanical hypersensitivity in inflammatory and neuropathic pain conditions [208].

TRPC in Odontoblasts

TRPC1 and TRPC6 mRNA expression has been reported in acutely isolated rat odontoblasts,
where they have been suggested to play a role as mechanoreceptors [179]. TRPC1 and TRPC6
immunoreactivity is also detected on odontoblasts in human permanent teeth. TRPC6 protein
expression increases with time during odontoblast differentiation from pulp tissue. Furthermore,
differentiation is inhibited by downregulation of TRPC1 and TRPC6 expression, indicating involvement
of these channels in the odontogenic differentiation of human dental pulp cells [197,198].

3.5. TRP Channels in Pulpal Fibroblasts and Blood Vessels

Expression of TRPV1 mRNA and protein has been reported in human dental pulp fibroblasts
cultured from the pulp of third molar teeth [209], and application of the agonist capsaicin induces
production of IL-6 (an inflammatory cytokines) in these cells, which is dose-dependently inhibited
by the TRPV1 antagonist capsazepine, indicating involvement of this channel in fibroblast-mediated
pulpal inflammation [209]. TRPV1 expression was also observed in pulpal fibroblasts of healthy
caries-free human permanent teeth [139]. Karim et al. reported mRNA and protein expression of
TRPA1 and TRPM8 in human dental pulp fibroblasts [210]. Application of the TRPM8 agonist menthol
or cool temperature (22 ± 3 ◦C) in combination with the TRPA1 agonist cinnamaldehyde or noxious
cold temperature (12 ± 2 ◦C) increased the intra-fibroblastic Ca2+ concentration, suggesting that TRPA1
and TRPM8 in pulp fibroblasts are involved in sensing environmental stimuli [210]. TRPM2 has also
been detected in the fibroblasts of human dental pulp, and its expression is upregulated in teeth with
signs of irreversible pulpitis [211].

4. Involvement of TRP Channels in the Transduction of Dental Pain

TRP channels in odontoblasts and DPAs are suggested to function as polymodal receptors
involved in the transduction of various external stimuli. TRPV1, TRPV2, TRPV4, TRPM7 and TRPA1 in
odontoblasts have been implicated as mechanoreceptors [27,146–149,151,180]. In an odontoblast/TG
co-culture preparation, mechanical stimulation of the odontoblast-like cells increased intracellular Ca2+

concentration in the mechanically-stimulated odontoblasts as well as in neighboring neuron-like
cells [27]. The increase in intracellular Ca2+ in these cells was almost completely abolished by
application of a cocktail of TRPV1, TRPV2, TRPV4 and TRPA1 channel antagonists [27]. In addition,
hypotonic solution-induced mechanical stretching of the cell membrane increases intracellular Ca2+ in
cultured odontoblast-like cells [146–149,177,180], which is inhibited by antagonists of TRPV1, TRPV2,
TRPV4 [146,148], TRPA1 [177] and TRPM7 [180], further suggesting that these channels function as
mechanoreceptors and/or osmoreceptors.

Mechanosensitive TRP channels along with other mechanoreceptors expressed in odontoblasts
and DPAs can be activated by application of thermal stimuli to an intact tooth. A study on human
subjects showed that when a thermal stimulus was applied to a tooth surface, the subjects rapidly
sensed pain (1.28 s for hot stimuli and 1.49 s for cold stimuli), even before a noticeable change in
temperature at the wall of the dental pulp (3.68 s) [28,30]. Thermal stimulation on the tooth surface
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can induce fluid movement in the dentinal tubules because of thermal expansion or contraction of
the fluid [18,212]. Interestingly, fluid movement was observed before a change in temperature in the
dentine, where the dentinal tubules are located [21,22]. A temperature gradient between the enamel
and dentine is observed when a thermal stimulus is applied on the surface of a tooth [21–23,25].
Tooth structures expand or contract because of this thermal gradient, which produces mechanical
stresses in these structures [21–23,25,28]. Mechanical deformation of the dentine (including pulpal
wall dentine) precedes the temperature changes in the dentine/dentine–enamel junction following
thermal stimulation of the surface a tooth [22,25]. These observations suggest that intense thermal
stimulation-induced mechanical deformation of the dentine may exert mechanical stresses on the
odontoblasts as well as on the pulpal tissues. In turn, the mechanical stresses may directly activate the
mechanosensitive TRP channels and other mechanoreceptors present in the odontoblasts and pulpal
nerve fibers (Figure 2).

The sharp pain perceived soon after thermal stimulation of the tooth surface may be at least partly
attributed to the mechanical stress-induced activation of mechanoreceptors on odontoblasts and DPAs.
Temperature changes in the dentine caused by thermal stimulation of the surface of an intact tooth
or a tooth with exposed dentine may also cause expansion/contraction and movement of dentinal
tubular fluid, which can activate mechanosensitive TRP channels (along with other mechanoreceptors)
on odontoblasts and nerve fibers within/near the dentinal tubules (Figure 2).

Intense thermal stimulation of the tooth surface may cause vasodilation and changes in pulpal
blood flow [213–215]. A study using dogs found that pulpal blood flow increased slightly and
gradually when the tooth surface temperature was raised from 35 to 40 ◦C, and that it increased
sharply when the temperature was raised from 35 to 55 ◦C [213,214]. The increase of pulpal blood flow
by thermal stimulation can increase the pressure within the pulpal tissue [213,214], which can excite
mechanoreceptors, including TRP channels, in the pulpal nerves.

Patients with dentine hypersensitivity may feel pain caused by osmotic changes. Osmotic
stimulation of the exposed dentine may induce movement of dentinal tubular fluid [18,19], which can
excite mechanosensitive TRP channels on nearby odontoblasts and nerve fibers (Figure 2). It has been
observed that dentine covered with a smear layer is much less responsive to hypertonic solutions than
dentine devoid of a smear layer, suggesting that fluid movement is greater when the smear layer is
absent [216].

Patients with dentine hypersensitivity may also feel pain after very light mechanical stimulation,
such as air puffs or water spray, on the exposed dentine, which may induce very little movement
of the dentinal tubular fluid. This suggests the presence of low-threshold mechanoreceptors on
odontoblasts and DPAs [39]. Fried et al. proposed that many DPAs may contain low-threshold
mechanoreceptors [39]. They termed these “algoneurons” [39]. The researchers suggested that these
algoneurons may transduce the nociceptive signal in teeth [39]. Indeed, activation of these neurons
causes activation of trigeminal brainstem neurons that deliver a pain message to higher brain centers,
resulting in the sensation of pain [39]. Similar low-threshold mechanoreceptors in the skin or oral
mucosa generally signal tactile sensation (e.g., light touch) [217]. Air puff on the exposed dentine
may also dehydrate the dentine surface and cause outward flow of the dentinal tubular fluid, which
can activate mechanosensitive receptors on odontoblasts and nerve fibers within/near the dentinal
tubules [18,19]. Mechanosensitive TRP channels may function as mechanoreceptors [218] to transduce
these types of stimuli.

When intense thermal stimuli are applied on the tooth surface, they can increase the temperature
at the dentine–pulp border (albeit slowly), which may excite the thermosensitive TRP channels on
odontoblasts and DPAs (Figure 2). Indeed, a slow increase in temperature to >43 ◦C on the tooth
surface activates intra-pulpal C-fibers in the cat [219,220]. Another study showed that intra-dental
A-δ and C-fibers respond to intense cooling of the tooth surface [31]. Thermosensitive TRP channels
expressed on the A-δ and C-fibers in the dental pulp can be activated by high-temperature stimulation
of the tooth surface. Heat and cool/cold stimuli increase intracellular Ca2+ concentrations and elicit
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inward currents in cultured DPAs [138], indicating that these channels function as thermoreceptors in
these cells.

Figure 2. Mechanisms by which TRP channels may transduce dental pain when external stimuli
are applied on the exposed dentine or on the surface of an intact tooth. External stimuli on the
exposed dentine may create movement (indicated by double way arrows) in the dentinal tubular fluid
which can activate the mechanosensitive TRP channels on odontoblasts and pulpal nerves. Intense
thermal stimulation on the surface of an intact tooth may induce mechanical stresses within the tooth
structures that ultimately excite the mechanosensitive TRP channels. In addition, temperature may
conduct through the dental structures (relatively slow) to activate the thermosensitive TRP channels.
Odontoblasts may communicate with the pulpal nerves through paracrine signaling mechanisms
using ATP and glutamate. Ca2+ enters (indicated by single way arrows) odontoblasts through the
activated TRP channels. ATP may be released (indicated by a single way arrow) from the odontoblasts
through pannexin (PANX) channels and can activate P2X receptors expressed on the pulpal nerves.
ATP can be converted (indicated by a curve arrow) by NTPDases to ADP, which can activate P2Y
receptors expressed on the pulpal nerves. Furthermore, glutamate released (indicated by a single way
arrow) from odontoblasts through glutamate-permeable channels can excite the pulpal nerves via
metabotropic glutamate receptors (mGluRs).
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The findings described above provide ample evidence that external stimuli can activate the TRP
channels expressed in odontoblasts. The odontoblasts may in turn activate the sensory nerves of the
dental pulp. Recent studies have begun to provide insight into the mechanisms by which pulpal
nerves are activated by stimulated odontoblasts. Activation of TRP channels and other receptors on
the odontoblasts by external stimuli increases the intra-odontoblastic Ca2+ concentration [27,145–148].
These odontoblasts may then release ATP [27,140,151] and glutamate, which act on their receptors
on adjacent nerve fibers of DPAs (Figure 2). ATP plays an important role in pain signaling through
activation of purinergic receptors expressed on peripheral sensory nerve fibers [221,222]. Indeed,
in an odontoblast/TG neuron co-culture preparation, mechanical stimulation of odontoblast-like
cells increases the intracellular Ca2+ concentration in these cells as well as in the neighboring
neuron-like cells [27]. Application of an inhibitor of ATP-permeable pannexin-1 (PANX-1) channels
and ATP-degrading enzyme abolished the increases in intracellular Ca2+ in the neuron-like cells,
but not in the mechanically stimulated odontoblast-like cells [27]. This suggests that ATP released
through PANX-1 in stimulated odontoblasts excites neurons [27]. PANX-1 immunoreactivity in
the cell bodies and the processes of odontoblasts has been observed [27]. In addition, purinergic
receptor (P2X3/P2Y1/P2Y12) antagonists attenuate the increase in intracellular Ca2+ in neurons, but
not in the mechanically-stimulated odontoblasts, suggesting that neuronal purinergic receptors are
activated by the ATP released by the odontoblasts and its metabolite ADP [27]. Using the same
odontoblast/TG neuron co-culture preparation, Sato et al. showed that mechanical stimulation of
odontoblast-like cells evokes inward currents in medium-sized neuron-like cells that express NF-200
immunoreactivity (a marker of myelinated neurons), but not IB4 [223]. Medium-sized TG neurons
(A-δ) have been implicated in sharp pain associated with dentine hypersensitivity [20,34,38]. Sato et
al. also observed that the mechanical stimulation-induced currents were attenuated by application
of a cocktail of TRPV1, TRPV2, TRPV4 and TRPA1 channel antagonists, suggesting involvement
of these channels in transduction of mechanical stimuli applied to the odontoblast-like cells [223].
Furthermore, application of a P2X3 antagonist attenuated the induced currents in the neuron-like
cells, suggesting activation of P2X3 on the neurons by ATP released from mechanically-stimulated
odontoblasts [223]. PANX channels have also been detected in the dental pulp [224]. Expression of
PANX-1 [27,224] and 2 [224] was observed in odontoblasts and their processes. ATP is hydrolyzed to
ADP and other metabolites by ectonucleoside triphosphate diphosphohydrolases (NTPDases) [225].
NTPDase expression has been detected in the odontoblasts and Schwann cells that surround the
myelinated pulpal nerves [226]. Functional NTPDase enzymatic activity is observed in odontoblasts
and their processes, the sub-odontoblast layer, blood vessels and Schwann cells that surround the
myelinated pulpal nerves, suggesting that ATP and its metabolites are present in the dental pulp [224].
Using an in vitro human tooth perfusion model, it has been demonstrated that mechanical or cold
stimulation of the exposed dentine releases ATP from the dentine pulp complex, and that application
of a PANX channel blocker reduces ATP release [224]. ATP can activate the ionotropic purinergic
receptor P2X [227]. A variety of P2X receptor subtypes have been detected in the neurons of the
TG [228,229]. Among these, P2X3 expression is comparatively high [229], and it has been detected
in the nerves of the dental pulp [229–232]. ADP can activate the metabotropic purinergic receptor
P2Y [227]. Expression of P2Y12 receptors is detected in the neurons of the TG [233].

Glutamate may also function as a signaling molecule in odontoblast–TG neuron
communication [234]. In odontoblast/TG neuron co-culture preparations, the odontoblast mechanical
stimulation-induced increase in Ca2+ in the neighboring neuron-like cells is attenuated by the
application of a cocktail of antagonists of metabotropic glutamate receptors (mGluRs) [234]. When an
ATP-degrading enzyme was incorporated into this cocktail, the neuronal Ca2+ increases were further
suppressed, suggesting that both ATP and glutamate released by the odontoblasts act in a paracrine
manner to signal neighboring neurons [234]. The Ca2+ increase in the neighboring neurons, but not in
the stimulated odontoblasts, was also reduced by application of antagonists of glutamate-permeable
anion channels, suggesting that glutamate may be released from the stimulated odontoblasts through
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these channels [234]. Furthermore, in the same study, odontoblast-like cells were observed to express
group I, II and III mGluRs [234]. Glutamate is detected in the odontoblasts and nerve fibers of the
rat dental pulp [235]. The nerve fibers also express mGluR5, which is upregulated following dentine
injury [235]. The expression of mGluR5 has also been reported on TRPV1-immunoreactive nerve fibers
in the human dental pulp [139]. These observations suggest that glutamate released from stimulated
odontoblasts signal through mGluRs expressed on nearby nerve fibers (Figure 2).

TRP channels in the DPAs may play an important role in pain transduction under inflammatory
conditions of the dental pulp (pulpitis) (Figure 3).

In symptomatic pulpitis, the tooth is hypersensitive to external stimuli and pain persists after
removal of the stimuli (lingering pain). The tooth can be spontaneously painful [6,7]. The pain
may be caused by the sensitization of DPAs. Upregulation of various channels, including TRPs,
in the odontoblasts and DPAs may lead to hyperexcitability of the nerves. Indeed, TRPV1 in
the DPAs is up-regulated by LPS, a product of Gram-negative bacteria [135]. Upregulation of
TRPV1 [141] and TRPA1 [149,196] in the nerve fibers of the dental pulp is observed in carious
human teeth. In addition, upregulation of TRPA1 [195] and TRPV4 [142] in the pulpal nerve fibers
is observed in teeth with signs of pulpitis. TRPA1 expression is also increased in the TG following
experimental exposure of the dental pulp [194]. In caries-induced pulpitis, the various structures
of the dentine–pulp complex (e.g., odontoblasts, fibroblasts, dendritic cells, resident mast cells,
endothelial cells in blood vessels, nerve fibers) sense the invading pathogen-associated molecular
patterns shared by microorganisms through specialized pattern recognition receptors, such as toll-like
receptors (TLRs) and nucleotide-oligomerization binding domain (NOD)-like receptors [236–239],
leading to the initiation of an immune response. Vasodilation and extravasation ensue, leading to the
infiltration of blood-borne immune cells, such as neutrophils, monocytes and T-lymphocytes, into
the pulp [240,241]. Various inflammatory and immune mediators (e.g., prostaglandins, bradykinin,
histamine, cytokines, chemokines) are released from these cells (Figure 3). Activated odontoblasts,
fibroblasts and mast cells also release inflammatory mediators [240,241]. These inflammatory
mediators act on their receptors expressed on the nerve fibers, leading to sensitization of peripheral
nerves [32,33,240–243]. The inflammatory mediators can also modulate the sensitivity of TRP channels
to external stimuli [88,244–246]. They signal through their receptors on the sensory nerves, leading
to the activation of intra-neuronal signaling pathways (e.g., protein kinases A and C, Src kinase,
phospholipase C (PLC), extracellular signal-regulated kinase (ERK)) that induce post-translational
modifications on multiple TRP channel proteins, thereby affecting their trafficking to the membrane,
channel gating and sensitivity to various stimuli [88,244,246]. Additionally, several growth factors
produced during inflammation (e.g., NGF) increase the production and transport of TRP channels
to peripheral nerve terminals [88,244,246]. Growth factors may also directly increase the sensitivity
of the nerves to stimuli [88,244,246]. The sensitized nerves in turn release various neuropeptides,
such as substance P, CGRP and vasoactive intestinal peptide [240–243,246]. Neuropeptides, such as
substance P, are also released from fibroblasts [247–250]. Expression of the mRNAs for substance P and
its receptor neurokinin-1 has been reported in pulpal fibroblasts, suggesting that substance P may be
released from and signal in an autocrine manner in these cells [247]. Substance P can also be released
from various immune cells [251]. Local elevation of CGRP and substance P enhances vasodilation and
immune cell invasion, further increasing the release of inflammatory mediators, thereby perpetuating
and exacerbating the neurogenic inflammation (Figure 3) [32,242,247–250]. Under this inflammatory
state, the threshold for activation of TRP channels may decrease, causing hypersensitivity of the tooth
to external stimuli.
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Figure 3. Involvement of TRP channels in the transduction of dental pain under inflammatory
conditions. In caries-induced pulpitis, the various structures of the dentine–pulp complex (e.g.,
odontoblasts, fibroblasts, dendritic cells and resident mast cells etc.) sense the invading pathogens
through specialized pattern recognition receptors, such as toll-like receptors (TLRs), leading to the
initiation of an immune response. Blood-borne immune cells (e.g., neutrophils, monocytes and
T-lymphocytes) infiltrate (indicated by a blue arrow) the pulp from the dilated blood vessels. These
immune cells as well as odontoblasts and fibroblasts release (indicated by blue arrows) various
inflammatory mediators that activate (indicated by blue arrows) cognate receptors on the nerve fibers,
leading to sensitization. Sensitization can involve numerous changes, including enhancement of TRP
sensitivity to external stimuli and increased expression on the nerve terminals by mechanisms such as
post-translational modification and altered trafficking of these channels. Upregulation of TRP channels
is observed in the odontoblasts and the pulpal nerves. The sensitized pulpal nerves release (indicated by
blue arrows) various neuropeptides, such as substance P and CGRP. Neuropeptides can also be released
(indicated by blue arrows) from fibroblasts and various immune cells. Local elevation of neuropeptides
increases the release of inflammatory mediators from blood vessels that further elevate the release of
neuropeptides from activated nerve fibers, exacerbating neurogenic inflammation. Besides, bacterial
endotoxins can directly activate TRP channels on DPAs or odontoblasts and thereby contributed to
the development of pain. SP: substance P; CGRP: calcitonin gene-related peptide; F: fibroblast; DC:
dendritic cell; MC: mast cell; MAC: macrophage; T: T-lymphocyte; N: neutrophil; BV: blood vessel.
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Interestingly, bacterial components can directly activate neurons before bacterial-induced immune
response matured [252–254]. Gram-positive bacterial-derived factors (e.g., N-formylated peptides
and α-hemolysin toxin) reported to elicit Ca2+ influx directly in mouse nociceptive neurons and
contributed to the development of hypersensitivity in vivo [253]. Gram-negative bacterial toxin,
lipopolysaccharide (LPS), also reported activating cultured TG neurons and sensitize TRPV1 channels
via a toll-like receptor 4 (TLR4) mediated mechanism [254–256]. In a rat model, TLR4 signaling in the
TRPV1 expressing TG neurons was implicated for acute dental pulpitis induced pain [257]. Recent
studies demonstrate that LPS can activate TRP channels in a TLR4-independent manner [254,258].
It observed in a study that LPS directly activates TRPA1 channels present in the sensory neurons of the
nodose and TG in a TLR4-independent mechanism [258]. Pain and neurovascular responses to LPS,
including neuropeptide (CGRP) release were dependent on TRPA1 channel activation in the sensory
neurons [258]. Another study demonstrates that in addition to TRPA1, LPS can directly activate other
TRP channels (TRPV1, TRPM3, TRPM8) present in the sensory neurons [259]. These findings suggest
that bacterial products can directly activate sensory nerve fibers before the development of neurogenic
inflammation secondary to the immune response to infection [254]. Similarly, in caries-induced pulpitis,
bacterial products may directly activate pulpal nerve fibers and contribute to the development of
pain (Figure 3). LPS was also observed to activate TRPV4 channels on nonneuronal airway epithelial
cells and increased intracellular Ca2+ concentration [260]. Since TRPV4 channels are expressed in
the odontoblasts, there is a possibility of activation of TRPV4 on the odontoblasts by the bacterial
toxin, which increases the intra-odontoblastic Ca2+ concentration and in turn, activates the intra-dental
sensory neurons.

During inflammation, pulpal nerves undergo sprouting, which may also contribute to tooth
hypersensitivity [38,261]. NGF may stimulate nearby pulpal nerves to sprout new branches [38,261],
which may in turn increase the number of TRP channels in the dental pulp. Sprouting of the nerves
may also lead to innervation of more dentinal tubules, further increasing pain sensitivity [38,261].

Under inflammatory conditions, extravasation of fluid from blood vessels can elevate the
pressure within the pulp, because dental pulp is enclosed by hard tissues, creating a low compliance
environment [261]. It has been reported that pulpal tissue pressure during inflammation can
rise from 15 to 40–50 cm H2O [261,262]. This increase in intra-pulpal pressure can excite the
mechanoreceptors (including mechanosensitive TRP channels) on the nerve fibers of the pulp and lead
to spontaneous pain.

Fibroblasts in the dental pulp are also reported to be involved in pulpitis. Fibroblasts are
abundantly present in the dental pulp and are responsible for the synthesis of extracellular matrix
and the maintenance of the structural integrity of the dental pulp [6,263,264]. They are also reported
to produce pro-inflammatory cytokines, including interleukin (IL)-1β, IL-6 and IL-8, in response
to bacterial stimulation [265,266]. Pro-inflammatory cytokines can be released from fibroblasts by
neuropeptides [267–269]. Pulpal fibroblasts also express TRPV1, and activation of this channel leads to
the release of IL6, suggesting a role in the development of pulpitis [209]. TRPM2 expression is also
increased in the pulpal fibroblasts of teeth with signs of irreversible pulpitis [211].

5. Clinical Significance

Despite the high prevalence of dental pain, effective pain management is lacking because the
cellular and molecular mechanisms underlying the pain are unclear, particularly those involved in
the transduction of nociceptive signals. Elucidation of these transduction mechanisms is crucial for
the development of therapeutic strategies that target the root cause of dental pain. Pharmacologically
targeting TRP channels is a novel therapeutic strategy for managing dental pain. Various studies show
that pharmacological antagonists of TRP channels attenuate the experimental stimuli-induced increases
in intracellular Ca2+ concentration in odontoblasts and DPAs. TRP channels in the sensory neurons
have been targeted to develop pain-specific local anesthesia in an animal study [270]. Capsaicin
(a TRPV1 activator) has been combined with a permanently charged derivative of lidocaine, QX-314,
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and this combination appears to be effective as a local anesthetic [271–273]. An animal study
demonstrated that local application of this drug combination in the gingiva near a tooth before
extraction reduced extraction-induced neuronal activation, indicated by reduced expression of c-Fos
in the brainstem trigeminal subnucleus caudalis [273]. Eugenol was reported to sensitize and then
desensitize TRPV1 channels, which may explain the pain suppressing action of zinc oxide eugenol
cements used in temporary restorations of carious teeth [274]. Several small-molecule antagonists of
TRPV1 channels have been tested in human clinical trials for dental pain, but unfortunately, outcomes
have been poor or the clinical trials were prematurely terminated [275–277] due to side-effects. In one
clinical trial, the analgesic effect of the first-generation TRPV1 antagonist AMG 517 (Amgen) was
tested following extraction of a third molar tooth. However, the drug increased core body temperature,
resulting in termination of the trial [276]. Another TRPV1 antagonist (AZD1386, Astra-Zeneca) was
tested in patients with acute pain following removal of the mandibular third molar, but displayed only
a short-term analgesic effect [277]. Further studies are required to identify more effective analgesics
targeting TRP channels. Incorporation of pharmacological antagonists of TRP channels to dentine
desensitizing formulations, dental cements and pulp capping materials is a potential therapeutic
strategy for dental pain.

6. Conclusions

The sensory detection system in the tooth is unique. Any type of external stimuli on the exposed
dentine or tooth with pulpitis predominantly causes pain sensation. However, the underlying pain
transduction mechanisms are not yet fully understood. Various TRP channels that have been detected
in the odontoblasts and DPAs may play an important role in the transduction of external stimuli to
electrical signals in the nerves, which are conveyed to and perceived as pain by the brain. The TRP
channels may serve as potential drug targets for the development of pharmacological strategies to
manage dental pain.
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Abstract: Implant surface characteristics, as well as physical and mechanical properties, are
responsible for the positive interaction between the dental implant, the bone and the surrounding
soft tissues. Unfortunately, the dental implant surface does not remain unaltered and changes
over time during the life of the implant. If changes occur at the implant surface, mucositis and
peri-implantitis processes could be initiated; implant osseointegration might be disrupted and bone
resorption phenomena (osteolysis) may lead to implant loss. This systematic review compiled
the information related to the potential sources of titanium particle and ions in implant dentistry.
Research questions were structured in the Population, Intervention, Comparison, Outcome (PICO)
framework. PICO questionnaires were developed and an exhaustive search was performed for all the
relevant studies published between 1980 and 2018 involving titanium particles and ions related to
implant dentistry procedures. Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines were followed for the selection and inclusion of the manuscripts in this review.
Titanium particle and ions are released during the implant bed preparation, during the implant
insertion and during the implant decontamination. In addition, the implant surfaces and restorations
are exposed to the saliva, bacteria and chemicals that can potentially dissolve the titanium oxide layer
and, therefore, corrosion cycles can be initiated. Mechanical factors, the micro-gap and fluorides can
also influence the proportion of metal particles and ions released from implants and restorations.

Keywords: dental implants; titanium particles; wear; corrosion

1. Introduction

Titanium implants have been used for dental, orthopedic and other medical applications since
the early 1980s [1,2]. Implant-related factors, such as the surface characteristics, material composition
and chemistry, are responsible for the osseointegration. Specifically, the presence of a titanium oxide
layer on the implant surface is considered crucial for the maintenance of the osseointegration and the
prevention of the corrosion of the titanium surface [3]. The dental implant surface does not remain
unaltered and, if changes occur at the implant surface, mucositis and peri-implantitis processes could
be initiated; osseointegration might be disrupted, and bone resorption phenomena (osteolysis) may
lead to implant loss [1–4]. Particularly, at the moment of implant insertion, the implant surface can
incur changes in its chemical and topographic structures, which is sometimes irreversible [1] and
also titanium particles of different sizes and characteristics can be released from the dental implant
surface [5–9].
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Subsequently, if the implant surface is altered, degraded or dissolved by the effects of acidic
substances or an acidic environment, the titanium oxide layer can be lost, and corrosion phenomena can
begin [10–14]. Furthermore, during functional loading, the combination of mechanical and chemical
corrosion (fretting) between the implant surface and the adjacent bone can facilitate the release of more
metal particles and ions and, if friction occurs between the internal implant walls and the prosthetic
abutment, additional particles and ions can be released into the surrounding tissues [2–4,15]. Lastly,
cleaning and disinfection of the implant surface with mechanical, physical or chemical methods have
been shown to induce changes of different magnitudes at the implant and abutment, with subsequent
titanium oxide layer loss, titanium particle or ion loss and corrosion initiation [16–20].

However, the sources of titanium particle or ions in implant dentistry procedures have not been
studied in depth and methods for its reduction are currently unknown. Therefore, all the information
related to the potential sources of titanium ions and particles and suggestions of methods for their
control in implant dentistry is fundamental for the long-term survival of dental implants to improve
clinical practice.

The purpose of this systematic review is to compile the information related to the potential sources
of titanium particles and ions in dental implantology. Taken together, the findings of this review,
including the percentages of particles, their characteristics, and detection methods, suggest ways for
reducing titanium particle and ion release in implant dentistry.

2. Results

The initial search returned 635 articles. A total of 22 articles were removed because they were
duplicates; the remaining 613 articles abstracts were read in full, and 378 articles were excluded
because they did not fulfil the inclusion criteria. The full texts of the remaining 235 articles were read
in full for eligibility, and 29 articles were removed because they presented reviews or expert opinions
or were duplicated. Finally, 206 articles were included in this systematic review (Figure 1).

Figure 1. Preferred Reporting Items for Systematic Reviews (PRISMA) flow diagram of the screening
and selection process.

The findings were grouped as follows: sources of titanium release during the surgical phase,
during the prosthetic phase and during maintenance (Figure 2).
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Figure 2. This systematic review found that titanium particles and ions can be released during the
surgical, prosthetic and maintenance phases due to different causes during the life span of a dental
implant. The rectangles filled in red are the three phases in implant dentistry procedures in which
titanium particles and ions can be released. The rectangles with the red frame are procedures within
the previous phases which resulted in titanium particles and ions release. The underlined sentences
are the detailed sources or initiators of titanium particles and ions release.

2.1. Potential Causes of Titanium Particle Release during the Surgical Phase

2.1.1. Implant Bed Preparation

Bone-cutting instruments, when subjected to frictional forces, can suffer variable levels of
metal attrition, wear and corrosion. Traces of different metallic elements have been observed after
osteotomy in regional ganglions, kidneys and lungs [21,22]. In addition, it has been demonstrated
that the irrigation liquid collected from the implant bed preparation contains metallic debris and ions.
Rashad et al. [23] performed implant osteotomies with rotatory instruments and piezosurgery devices
to detect drill deposits in bone or in the recovered irrigation liquid. After implant bed preparation, bone
samples were examined by (Scanning Electron Microscope) SEM/energy dispersion X-ray spectroscopy
(EDX), the irrigation liquid was collected and filtered with polycarbonate membranes with a specific
pore size. The membranes were further analysed by SEM/EDX for the detection of metal content. The
results showed different residual metals from the drills in the irrigation liquid (Ag, Si, Fe, Ti, V, Cu, Mn,
Zr, Cr, Bi, Mg) for both osteotomy methods. The authors recommended the use of copious irrigation to
reduce the metallic particle content in the implant bed area [23].

Implant drill bits and piezosurgery tips suffer characteristic patterns of wear after osteotomy
procedures. Drills showed abrasive wear, plastic deformation, blunting, coating damage and material
loss, mainly at the tip and cutting edges of the drill flank [24]. Meanwhile, piezosurgery showed
abrasive wear of the tip and flanks and plastic deformation of the cutting point. The characteristics
of the wear suffered by osteotomy instruments have been related to the drill material, drill and drill
mechanical properties [24].

Carvalho et al. [25,26] demonstrated that substance loss, steel melting and condensation of
particles detached from the active point increased proportionally to the number of uses; indeed, drills
used 10 times showed 17.86% deformation and, drills used 50 times showed 33.97% deformation.
These findings were also confirmed in drills used 50 or more times, on which increased areas of metal
subtraction, the addition of loosened metal, and metal surface abrasion at the lateral surface of the
cutting tip and drill edges were detected [27–29].

Another factor that seems to increase the wear of implant drills is the use of guided surgery
techniques. Bone heating, drill deformation and roughness were evaluated after osteotomy with
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guided surgery and conventional osteotomy; greater drill deformation and wear were recorded after
the 40th osteotomy in the guided surgery group produced by the drill friction against the metal sleeve
and the bone [30].

Sterilization and irrigation also increase the release of metal particles and ions as well as drill wear.
Allsobrook et al. [31] evaluated Straumann, Nobel Biocare and Neoss drills. The authors performed
50 osteotomies per drill. After 20 osteotomies, the drills suffered 30 μm to 100 μm of wear at the
tip and edges and loss of the surface coating. Furthermore, analysis of corrosion after sterilization
processes and irrigation with saline showed increased pitting corrosion of the drills after 20 cycles
of sterilization [24,31,32]. Other authors also found that the autoclave sterilization of implant drills
increased the surface corrosion of the drills and therefore the ion and particle release [25,33,34]. Similar
results were obtained when implant drills with three different characteristics (smooth stainless steel
drills, coated drills and smooth zirconia drills) were compared. After repeated drilling and sterilization,
it was found that drills in all groups suffered wear, deformation, coating delamination and surface
roughness changes [35].

The material of the drill seems to influence the amount of particle loosening of the drill surface.
Zirconia drills showed less qualitative substrate loss than titanium drills when drilling 20 implant
beds at a standard drilling speed of 800 rpm [36].

Remarks

During osteotomy procedures, surgical drills, implant drills and piezosurgery tips suffer
deformation, surface wear, microfractures, delamination, and metal particle release (Figures 3–5).
Additionally, sterilization of the cutting tools can initiate corrosion and can increase the particle and
ion release. Sufficient irrigation, adequate suction of metallic debris, the use of single-use drills,
adequate control of the number of sterilization procedures, inspection of cutting tool integrity, timely
replacement of worn drills and the use of harder and more resistant cutting tools might reduce the
deposition of metallic particles and ions released during implant bed preparation.

 

Figure 3. Areas of wear of implant drills. Different drill designs present wear and particle loosening at
different levels under the effects of axial and rotational forces. Twist drills suffer deformation, blunting
and delamination of the drill tip (a), tip angles (b1 and b2), and cutting blades (c). Tapered drills suffer
deformation, blunting and delamination of the drill tip (a), tip angle (b), and cutting blades (c). Stepped
drills suffer deformation, blunting and delamination of the drill tip (a), tip angles (b), cutting blades (c)
and step angles (d1, d2, d3). Thin red arrows are showing the blade areas suffering wear as well as the
tip angles. Thick arrows are showing the tip of the drills suffering wear and deformation.
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Figure 4. Areas of wear of piezosurgery inserts. The piezosurgery insert directions of movement: a
vertical movement induced by the operator, and a minimal vertical displacement during the ultrasonic
movement in conjunction with a horizontal component produced by oscillation of the tip. (a) The
piezosurgery insert oscillates in a forward-backward movement. The insert tip and the sides of the tip
suffer deformation, wear and particle detachment. (b) Additionally, the sidewalls and borders of the
insert suffer deformation, wear and particle detachment. Short and long thing arrows are showing
areas of angle and lateral wear and deformation. Thick arrows are showing the vertex of the tips
suffering wear and deformation.

Figure 5. Piezosurgery tips used 1 time. The tips are made from different materials. (a1,a2) Stainless
steel insert showing lateral wear of the active tip, abrasion and particle loosening at the flanks,
deformation of the tip edges and material delamination. (b1,b2). Diamond-coated insert showing wear
at the sides and empty spaces representing particle loosening. (c1,c2) Gold nitride-coated insert with
several areas at the flanks, tips and sides of the tips showing excessive wear, particle delamination
and deformation. The red arrows are showing the areas of wear, delamination and deformation
suffered by piezosurgery inserts. The red asterisk is showing particle detachment from diamond coated
piezosurgery inserts.

2.1.2. Implant Insertion

When the dental implant is inserted, frictional moments occur at the bone-implant interface
and the initial mechanical interlocking results from interactions between the bone and the implant
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threads and walls [37]. As a consequence of implant insertion, microfractures and compression occur
at the bone side and the implant surface is simultaneously subjected to a combination of torsional
and frictional forces, which may alter the original implant surface. Wawrzinek et al. [38] described
that shear forces originating from the friction of implants inserted against the surrounding bone
tissue can produce a shifting of stresses at different locations along the implant surface related to the
heterogeneity of the bone tissue (cortical or cancellous) and the implant geometry. Therefore, localized
areas of stress concentration can appear and titanium particles can be released into the bone tissue [37].
A harder implant surface should be able to retain its characteristics more than a softer surface and
should demonstrate increased abrasion resistance [39], however, the abrasive wear phenomena during
implant insertion are influenced by additional factors that cannot be controlled simultaneously; these
factors include the properties of the specimens, interactions with the environment and the experimental
conditions [40–42].

Schliephake et al. [43] showed that the placement of self-tapping titanium implants abraded
particles from the implant surface, as evidenced by deposits of these particles at the implant-bone
interface. Seki et al. [44] and Kim et al. [45] revealed titanium particles in the tissue interposed between
the bone and the titanium plate used for oral and maxillofacial fracture fixation. The authors speculated
that the particles originated from two causes: first, the physical-mechanical removal of the oxidation
layer during insertion; and second, the dissolution of the subjacent titanium into the surrounding
tissues (corrosion), resulting in detection of the titanium particles and ions [44,45].

Different observations also showed that particles abraded from the implant surface ranged
between 1.8–3.2 μm in diameter and were located at the bone surface and up to 100 μm inside the
surrounding bone [5]. Other authors found titanium particles ranging widely in size from 20 nm to
20 μm at the implantation site concentrated at the cortical layer. Apparently, the process of implant
insertion alone can release up to 0.5 mg of metallic debris at the implant-bone interface. Previous
studies in orthopaedics have shown that aseptic osteolysis can be induced by 0.220 mg to 3.0 mg of
titanium particles in the implant area as well as inside the medullary spaces [6]. In the case of titanium
plasma-sprayed (TPS) implants, the particle dimensions decreased with increasing distance from the
implant surface, probably due to gradual and passive dissolution, fretting and wear [7–9].

Martini et al. [46] found that titanium particles released from TPS implants can be present within
200–250 μm of the implant surface and some debris could be observed at 500 μm. It was speculated that
detachment of titanium particles from the TPS implants resulted from the implant surface morphology,
frictional forces during implant insertion and frictional forces between the titanium (Ti) coating and
the pre-existing bone. These released metallic particles impeded bone formation and created gaps of
180–260 μm between the pre-existing bone and implant surface compared to non-TPS surfaces, which
showed bone matrix on the implant surface after 14 days [47–49].

Wennerberg et al. [50] performed in vitro and in vivo studies to investigate the titanium
concentration around titanium implants with different surface roughness inserted in rabbit tibias. They
found that moderately rough surfaces (Sa 2.21 μm) presented more titanium release up to 400 μm from
the implant surface than smooth surfaces (Sa < 1.43 μm). The authors recommended further chemical
analysis of the implant surfaces to evaluate potential chemical changes at the implant surfaces and
their biological consequences [51].

Mints et al. [52] compared acid-etched, anodized and machined implant surfaces after their
insertion into bone blocks. They found that all the implants suffered surface damage, material removal
from the implant surface, oxide layer breakdown, metal debris transportation (due to the insertion and
friction) from the apical and middle third to the coronal area and cracks at the implant surface as result
of the insertion process. The titanium debris ranged from nano- to microparticles; the nanoparticles
were located in the coronal area and the microparticles were located in the mid and apical regions [52].

It seems that although almost all of an implant surface is exposed to wear and particle detachment
during insertion, the tip of the threads and the lower flank of the threads are more exposed, while
the apex microstructure is least exposed in conventional implant bed preparation [53]. It was also
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concluded that surfaces with subtractive modifications appeared to suffer less wear and particle
loosening than surfaces with additive modifications and that re-establishment of the damaged TiO2

layer was superior for surfaces with subtractive modifications [54].
Particles and ions released during titanium implant insertion can also be retained at the soft

tissue level. Concentrations of specific metallic elements retained in the gingival cuff, surrounding the
implant neck were detected in an analysis of histological sections processed with the laser ablation
detection technique. The elemental mapping showed titanium from 0.4 mm up to 4 mm from the
implant, with additional contents of aluminium and vanadium [55].

One in vitro study did not find metal particles released after the insertion and removal of
sandblasted and acid-etched implants. The study was performed in polyurethane blocks with
different densities and the methods of analysis were SEM observation of the implant surface and
X-ray diffraction analysis. Albeit authors observed surface deformation, changes and wear, no traces
of metals were observed in the samples [56]. Titanium particles and ions are not always detected;
apparently, the irrigation of the surgical site could dilute and remove metallic particles and ions,
thus reducing the overall metal content. However, the presence of measurable metals and ions in
intraoperative fluid samples indicates that metal particles and ions are certainly released at the time of
implantation [57].

The Food and Drug Administration (FDA), explained that variability in metals detection is
possible given test interpretation differences, accuracy and precision of the detection method, variability
in the test specimen, contamination by metal ions, variance between laboratories, interfering substances
and lack of proficiency testing [58,59]. These factors should be considered in future comparisons
of experiments.

Remarks

Implant insertion produces changes at the implant surface, as one or more of the following factors
were observed: wear, deformation, particle delamination, scratches and cracks at the lower flank of
the threads, thread tips and implant apex in different proportions. Released metallic particles with
variable sizes and metallic ions can be located adjacent to the implant surface or can be displaced to
other distant locations (Table 1). Factors, such as higher bone density, additive implant surfaces and
lack of irrigation might lead to the detection of higher percentages of metallic particles and ions, while
lower bone density, subtractive implant surfaces, and abundant irrigation might reduce the number
of detectable metallic particles and ions produced during implant insertion. It is recommended to
standardize the methods of metals particle and ion detection, as suggested by the FDA [59].
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2.2. Potential Causes of Titanium Particle and Ion Release in the Prosthetic Phase

The implant-abutment interface involves the interaction of the internal walls of the implant
connection and the surface of the abutment connection. The material properties, the magnitude,
direction and duration of the forces, the composition and saliva pH and the microflora can all influence
the amount of titanium particles and ions released from the implant-abutment interface into the
surrounding environment [61–70].

2.2.1. Implant-Abutment Material Interface

Titanium and zirconia abutments induce different levels of wear to the implant connection.
Klotz et al. [61] applied cyclic load of up to 1,000,000 cycles with forces from 20 N to 200 N to titanium
and zirconia abutments connected to titanium implants. They found that implants with zirconia
abutments suffered greater wear and more titanium particle release than implants with titanium
abutments. The authors explained that these differences were produced because the hardness of the
zirconia is approximately 10 times higher than the hardness of grade 4, commercially pure titanium
(1600–2000 Vickers hardness (HV) for zirconia vs. 258 HV for titanium) [61,66,67].

The amount of wear at the implant-abutment connection was quantified by Stimmelmayr et al. [62],
who demonstrated significantly more wear at the shoulder of implants connected to zirconia abutments
(10.2 ± 1.5 μm) than that of implants connected to titanium abutments (0.7 ± 0.3 μm) [62]. When
materials with different mechanical properties interact, more wear and deformation are expected in
the weakest material. Indeed, the zirconia flexural strength is greater than 1000 MPa, and its elastic
modulus is greater than 200 GPa, making it a more rigid material than titanium [63,64].

In similar studies comparing the zirconia abutment-titanium implant interface with the
titanium-titanium interface, small regions of scratching and crushing after dynamic loading were
observed in the titanium-titanium interface. In contrast, the zirconia-titanium implant interface was
dramatically affected after dynamic loading. The interface between materials with very different
Young’s moduli could suffer wear, micro separations, and consequently, mechanical failure of the
connection [65].

Furthermore, interactions between pure titanium and titanium alloys with greater hardness can
result in more deformation and wear at the implant connection. For instance, an abutment made in
titanium alloy (Ti6Al4V) is characterized by a mean hardness value of approximately 350–370 HV,
while an implant synthesized from commercially pure titanium has a hardness of approximately
200–280 HV. Consequently, plastic deformation and wear often occur within implant connection
surfaces, resulting in loosening of the joint and a reduction in its mechanical integrity [68–70].

Remarks

Implant-abutment connection wear is influenced by the characteristics of the coupled materials.
The combination of an implant with an abutment (harder or softer) will result in wear of the weakest
involved material and potentially in metallic particle release. The released particles can remain
inside the connection area (thus increasing the frictional wear) or can be displaced to adjacent tissues,
potentially favoring a foreign body reaction.

It is recommended to utilize materials with similar hardness and mechanical properties to reduce
the wear of the abutment and the inner walls of the implant at the implant-abutment connection.

2.2.2. Microgap and Micromovement

The mismatch between implant and abutment components (micro-gap) can be increased
by micromotion phenomena under functional loading, which could result in increased friction,
microleakage, material wear, titanium particle release and screw loosening [68,71–80]. Braian et al. [71]
evaluated the horizontal micro-gap between abutments and implants with external and internal
hexagonal connections. They found the smallest micro-gap for prefabricated gold abutments (less than
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50 μm) placed on implants with external hexagon compared to prefabricated plastic cylinders (less
than 130 μm) placed on implants with internal hexagonal connections.

Meanwhile, Morse taper connections with no or minimal micro-gap and titanium abutments
instead of zirconium abutments can reduce the wear and micromovement at the implant-abutment
interface [72–74]. Conical connections also showed micro-gaps. Fatigue changes of conical connections
were evaluated after functional loading by SEM and EDX. The results showed that the micro-gap
between dental implant-abutment assemblies with conical connections exists prior to cyclic loading,
that titanium and metallic particles (ranging from 2 μm to 80 μm in diameter) were released within the
interface and outside the interface and that the effects of the wear and the micro-gap increased with
the number of cycles [75].

The physicochemical and microscopic characteristics of different implant-abutment configurations
were evaluated, and without exception, defects from 0.5 to 5.6 μm were present in all the samples.
Therefore, the original micro-gap between the parts can lead to micromotion and wear, the release of
more particles, the penetration of oral fluids and bacteria into the connection, the initiation of corrosion,
as well as potential late failures [68,76–80].

Remarks

The micro-gap potentially exists in all implant-abutment connections, given unavoidable
discrepancies in the fabrication process. Its dimensions are variable and it has been demonstrated that
smaller micro-gaps are present in Morse and conical connections and that larger micro-gaps exist in
external connections than internal connections. Larger micro-gaps result in increased micromovements,
which under functional loading can increase the friction between the parts, the wear and the particle
release. In addition, under functional loading, saliva and bacteria will flow, producing an additional
effect, along with the displacement of titanium particles to peri-implant tissues and peri-implant
bacteria to the gap of the implant-abutment connection. The presence of saliva, bacteria and their
sub-products and the wear and the corrosion initiation of the metallic parts inside the implant-abutment
connection might induce mechanical (screw loosening, corrosion, fatigue, fracture) and biological
(mucositis, peri-implantitis) implant failures.

Therefore, it is recommended to use internal connections and Morse or conical connections that
possess smaller micro-gaps. Additionally, implant companies should provide information about the
micro-gap that exists in their implant-abutment connections to clinicians.

2.2.3. Titanium Oxide Layer Loss

When the titanium implant surface is exposed to air, a stable titanium oxide film is spontaneously
formed at the implant surface. This thin layer (1.5–10 nm thickness) is formed due to the high affinity
of Ti for oxygen [81,82]. The oxide layer protects the bulk material from reactive species and consists of
TiO2 coexisting with other titanium oxides, such as TiO and Ti2O3 [83,84]. The resistance to corrosion
of titanium implants originates in this titanium oxide layer [85–87].

Once the oxide layer is formed (passivation), it can be altered and damaged by various
environmental and functional factors and in the event of damage, the oxide layer can spontaneously
reform under normal physiological conditions (re-passivation) [86]. Examples of environmental and
functional factors that can alter the oxide layer are abnormal cyclic loads (overloading or continued
loading), micromotion of the implant, micromovement of the implant-abutment interface, acidic
environments and the combined effects of these factors [88]. Continued attack of the implant surface by
these factors can result in permanent breakdown of the oxide film, leaving exposed the bulk metal to
electrolytes. Varying pH conditions can turn the implant environment into a more acidic environment
and active dissolution of metallic ions can occur (corrosion) [89–91].

Regarding the effects of an acidic environment on the integrity of the titanium oxide layer
and bulk titanium, metabolites, such as lactic acid can induce the depletion of oxygen sources
required for re-passivation, thus hindering the capability of the titanium surface to reform the
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oxide layer [11,89,91–97]. Therefore, metallic Ti ions are released into the surrounding tissues.
Simultaneously, metallic debris is also loosened from the weakened implant surfaces exacerbating
inflammatory conditions and facilitating further surface corrosion [11,89,91–97].

Saliva also plays a role in the corrosion of dental implants [98]. The dental implant interface
is exposed continuously to saliva via the gingival sulcus. Saliva can act as a weak electrolyte, and
the oral cavity can simulate an electrochemical cell facilitating dissolution of the oxide layer. Further
electrochemical corrosion of titanium and its alloys may lead to crevice corrosion and ultimately the
release of corrosion products [90,99,100].

Remarks

The titanium oxide layer appears on the implant surface as soon as the implant comes into contact
with air, and although the titanium oxide layer has the capability to regrow (re-passivation), the action
of continued wear, exposure to chemicals, bacteria and their sub-products, and the presence of an
acidic environment can deteriorate and degrade the titanium oxide layer. To preserve the oxide layer
integrity, the use of non-aggressive chemicals to disinfect the titanium surface and reduce the bacterial
content and environmental acidity is recommended.

2.2.4. Corrosion

Degradation of the implant surface in the human body can be induced by two main events,
i.e., wear (a mechanical degradation producing particles) and corrosion (a chemical degradation that
mainly produces soluble metal ions) [101]. The term “corrosion” is generally used for metals and
consists of material degradation induced by actions of the environment [102–104].

Over time and by the effects of implant function, the implant surface can experience corrosion
and can release ions and particulate debris [4,105]. The metallic debris released from titanium implants
can be present in various forms, including nanometric and micrometric particles, colloidal and ionic
forms (bonded to proteins) [106,107], organic forms (iron-storage complexes), inorganic metal oxides
and salts [106].

In the oral cavity, fluctuations in temperature, pH, oxygen, bacteria and food decomposition are
attacking continuously the implant surface [91]. The TiO2 layer is disrupted, and ions and debris
generated by the physicochemical degradation of the surface are removed [108]. Through the abrasion
produced by food, liquids and toothbrushes, the cycle continues [109].

Factors that can alter the corrosion resistance of the titanium surface are inflammation of the
surrounding tissues (which can produce local acidification) and the acidic environment created by
lactic acid released by bacteria [94,110]. The lipopolysaccharide (LPS) of gram-negative bacteria can
increase the inflammation of peri-implant tissues by its marked effects on macrophages, lymphocytes,
fibroblasts, and osteoblasts [111,112]. LPS chains attack the oxide film of the titanium surface (by
adsorption phenomena), inducing voids in the oxide film. The Ti surface is exposed and ion exchange
between the exposed surface (metal ions, M+) and the saliva (electrons, e−) initiates the corrosion
process [113].

Furthermore, the interactions between the current flows of the dental implant and the prosthetic
superstructures (produced by the differences in the electric potential of the materials) can create
crevice, pitting and galvanic corrosion and the subsequent dissolution of the pure metal and alloy
components [100]. Under mechanical loading, the corrosion resistance of the metal alloy decreases in
different proportions, with cast and machined titanium having the most passive current density at
a given potential and chromium-nickel alloys having the most active critical current density values.
High-gold-content alloys have excellent corrosion resistance, and palladium alloys have a low critical
current density due to the presence of gallium [114].

Chromium-cobalt framework and implant interactions were analysed in vitro, and the results
showed that both the implants and the frameworks suffered active degradation processes, ions of
all the materials were released and leakage of cobalt ions was greater than the leakage of titanium
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and chromium ions. In addition, the surfaces of the implants and frameworks became rougher after
exposure to saliva [115]. These differences in percentages could be explained by the nature of metallic
elements (crystalline structure, surface energy, solubility and exposed area) [116,117] and the quantity
and duration of exposure [118]. Ion leakage will occur for all solid surfaces in contact with liquids
until the solubility constant is reached [93].

Corrosion could occur also at the intraosseous portion of the implant surrounded by bone. This
occurs by a phenomenon in which two surfaces (the implant surface and bone) under mechanical
loading can have an oscillatory relative motion of a small, amplitude (fretting) [93], in which chemical
reactions are prevalent. This type of corrosion is characterized by particle removal, oxide formation
and increased abrasion, which increase the wear of the implant surface [119].

2.2.5. Tribocorrosion

This mechanism involves a combination of tribological (wear and fretting) and corrosive (chemical
or electrochemical) events and is influenced by variations in mechanical contact conditions (loading
and relative velocity) and in the nature of the environment (pH, humidity and biochemistry) [120–122].

Revathi et al. [120] described the sequence of tribocorrosion as follows: a given load is applied
between two surfaces; in the presence of lubricant particles, the load will allow a sliding movement
that will produce oxide layer fractures, microcracks, diffusion and re-passivation, wear debris release
and finally material dissolution through five types of corrosion, i.e., microbial, galvanic, uniform,
crevice and fretting corrosion [121].

Specifically, for titanium implants and the salivary pH, the titanium showed inferior performance
in tribocorrosion at pH 6.0, which manifested as greater weight loss and increased cracking [113].
The normal pH of saliva ranges between 6.3 and 7.0 [11,123], various conditions can lower the pH
of saliva to below 6.0 (infection, food, oral hygiene products, age, periodontitis, smoking, systemic
disease and salivary gland radiation) [123], favoring the corrosion process [124–126]; under these
simultaneous actions, the total material loss may be significantly greater than that under mechanical
wear or corrosion individually [127].

2.2.6. Fluoride and Titanium Corrosion

Fluoride is one of the main methods for dental caries prevention and is present in many
toothpastes and gels. Its percentages range from 0.1 to 2.0 wt%. At these concentrations, fluoride can
reduce the corrosion resistance of metallic implants [128]. Apparently, the presence of fluoride ions
in the electrolytic environment of the oral cavity attacks the titanium oxide layer and facilitates its
dissolution [129].

The interaction between fluoride and titanium surface was described by Kaneko et al. [130]; the
oxide film reacts in the presence of fluoride solutions by forming complexes of molecules on the
implant surface (titanium fluoride, titanium oxide fluoride and sodium titanium fluoride). These
soluble molecules replace the titanium oxide film, allowing corrosion initiation [130]. Once the titanium
oxide film is lost, the compound films formed on the surface will undergo rapid dissolution. The rate
of dissolution depends on the formation of a new oxide compound at the metal oxide interface, the
flow of electrons to fill the metal or oxygen vacancies in the film, the generation or consumption of
vacancies at the oxide/electrolyte interface and the chemical or electrochemical dissolution process
itself [10–13].

The effect of the time of immersion of titanium implants with different surface treatments
(sandblasted and acid-etched, micro-sanded with calcium phosphate and acid-etching, saline solution
and saliva) on the percentage of metallic particle and ion release were evaluated by Barbieri et al. [14].
Different time points were selected, and mass spectrometry was used for the detection of particles
and ions in the solution. The authors found that all implant surfaces released titanium, nickel and
vanadium after seven days and that these percentages increased in proportional to the elapsed time
until the sixth month [14].
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Remarks

Fluoride ions have the capability to bond to the titanium oxide layer and create compounds that
dissolve easily in acidic media, thereby facilitating titanium or metal dissolution and particle and
ion release. Although the behavior of fluoride in vitro may vary slightly compared to that in clinical
settings (based on the buffer capability of food and saliva), the noxious effect of fluoride on titanium
corrosion cannot be denied. It is recommended to utilize non-fluoride rinses or gels for daily care and
use alternative (non-acidic) substances in patients with titanium dental implants.

2.3. Potential Causes of Titanium Particle and Ion Release during the Maintenance Phase

The maintenance phase of dental implants and restorations involves the control of biological (i.e.,
biofilm and plaque) and mechanical risk factors. There are no defined protocols for dental implant
maintenance, cleaning or disinfection, and apparently, all existing methods have negative effects of
different magnitudes on the implant surface.

2.3.1. Biofilms

The extraosseous surface of dental implants (i.e., polished neck) and restorations (i.e., abutments,
metal frameworks) will develop a biofilm once exposed to the oral cavity environment [131,132].
Different surface characteristics, such as chemistry, energy and topography, can influence biofilm
formation [133,134].

The first step in biofilm formation is the adsorption of a layer of organic molecules (i.e., salivary
proteins) to the material surface [133]. The subsequent step is the adhesion of cells and bacteria
mediated by membrane binding sites, such as glucan-binding sites or specific protein-binding sites,
such as those for proline-rich proteins [134]. Then, different bacterial populations attach to the pellicle,
allowing accumulation of the biofilm, which depends on additional surface characteristics, such as
the surface tension. These steps were demonstrated in experimental studies showing that the initial
retention of microorganisms to surfaces was strongly related to the forces required for mechanical
removal and to the energy of the exposed surface [135].

Within the oral cavity, there is a continuous introduction and removal of microorganisms and
nutrients; for these microorganisms to survive they must be adhered to soft or hard tissues to resist,
shear forces [135,136]. Bacterial adhesion to soft tissues is reduced by the turnover of the oral epithelia,
however, hard, solid structures (teeth, dentures, implants) provide non-shedding surfaces, which
allow the formation of thicker and more stable biofilms [137]. In general, established biofilms maintain
equilibrium with the host, but uncontrolled accumulation or metabolism of bacteria on hard surfaces
can cause dental caries, gingivitis, periodontitis, peri-implantitis and stomatitis [137].

Oral bacteria will adsorb, organize and group on exposed surfaces, forming plaques. These
microenvironments of bacteria and their sub-products require efficient removal from the contaminated
surface. The main problem associated with plaque removal from an implant surface is potential
damage to the surface, which can be permanent [138,139].

Therefore, methods of implant surface detoxification and plaque and calculus removal causing
little or no damage to the surface should be preferred. Current methods used for the decontamination
of implant surfaces include mechanical instruments, chemical agents and lasers [140]. Different
advantages, disadvantages and limitations have been correlated with these methods, thus, there is no
defined gold standard for implant surface decontamination [141].

2.3.2. Scaling Instruments

Non-metal instruments (plastic and Teflon tips) were found to cause minimal damage to both
smooth and rough titanium surfaces. Meanwhile, hard instruments (metallic) cause major damage
to smooth and rough surfaces [16–20,142,143]. Burs seemed to be the instruments of choice if the
smoothening of a rough surface was required, but they led to increased metal particle release [16].
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Non-metal instruments and rubber cups were shown to be adequate for smooth and rough implant
surfaces, air abrasives should be preferred if the surface integrity must be maintained. However, these
approaches involve two events that alter the original surface: first, the release of titanium particles
produced by the cleaning method; and second, the deposition of instrumentation materials, and
residues of the air-abrasive (cleaning powders) [17].

Instruments used for the mechanical cleaning of the implant surface, such as metal curettes and
conventional sonic and ultrasonic scalers can damage the implant surface (particle release, modification
of the original surface topography and chemical changes). Meanwhile, non-metal instruments and
air abrasives produce less damage and fewer alterations to the surface but have been associated
with incomplete plaque removal and the generation of sub-products [16]. If the surface roughness
is modified, biofilm formation or cell re-attachment can also be influenced, thus altering the healing
process [17].

Hallmon et al. [18] and Homiak et al. [19] also found that after multiple uses, plastic curettes
changed the structure of the titanium surface. Similarly, Cross-Poline et al. [20] studied the effects of
instrumentation on titanium surfaces. They found that the surfaces changed compared to the original
control surfaces and observed both particle detachment from the surface and traces of instrumentation
materials on the treated surface [20].

The most external areas of the implant are more exposed to damage and deformation than
internal areas during mechanical instrumentation. Augthun et al. [142] found roughening of the
original implant surface at the implant thread edges after the use of a steel curette for 60 s. Differences
can be expected given the multiple factors that influence the extent of surface damage, i.e., the number
of strokes, the pressure, the number of treatments and the cleaning instrument [143].

2.3.3. Implantoplasty

This procedure aims to reduce the adherence of plaque by eliminating the contaminated titanium
surface, removing inaccessible areas below the contaminated threads, and smoothing the surface
topography, thus facilitating implant cleaning [144]. The most efficient drills for implantoplasty
regarding the smoothness of the surface achieved were conical carbide drills (Ra < 1 μm) compared
with round carbide drills (Ra > 1 μm) [18,145].

Intentionally changing the implant surface by implantoplasty with diamond burs and polishing
devices was evaluated; originally, smooth titanium surfaces suffered severe damage and increased
surface roughness, together with metallic traces and deposits on the titanium surfaces [146]. When
performing implantoplasty, titanium or metallic particles are released, and extraordinary care must be
taken to completely remove all titanium particle deposits from the surrounding tissue [147]. Carbide
and diamond burs for implantoplasty were compared in vitro; the burs were used alone and in
sequence. The original roughness of titanium implants with TPS and SLA surfaces were compared with
that of the surfaces after implantoplasty, and both drills changed the roughness of both surfaces [148].
Implantoplasty can reduce bacterial adhesion (through reducing the surface roughness and eliminating
non-cleansable areas), but some risks exist with this treatment, including high temperatures, released
particles, implant surface damage, implant diameter reduction and implant fracture [149].

Implants immersed in acrylic blocks, were treated by implantoplasty with one of the following
methods: diamond burs and silicone polishers; diamond burs and Arkansas stones; diamond drill
short sequence; diamond drill short sequence and silicone polishers; diamond drill complete sequence;
and diamond drill complete sequence and silicone polishers [150]. The authors found that all methods
reduced the surface roughness, but pollution of the operative field was observed in the groups using
silicone polishers. The authors concluded that the use of diamond burs and Arkansas stones resulted
in a smoother surface with less debris and recommended studies investigating the bio-toxicity of the
different types of debris that can be generated during implantoplasty procedures [150].
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One potential drawback of implantoplasty procedures is that titanium particles removed from
a contaminated implant surface are also contaminated and may not be fully removed from the
surrounding environment, which could disseminate bacteria into the surrounding tissues [151].

Remarks

Implantoplasty is the implant surface decontamination procedure releasing relatively more
titanium and metal debris. The surface topography is completely modified after implantoplasty, and
the external geometry of the implant is removed (using different drills) to facilitate decontamination.
A second procedure (polishing) is performed to reduce the surface roughness. As a consequence,
particles of different sizes (nanometric and micrometric) and weights are released. It is recommended
to use sufficient irrigation during and after the implantoplasty procedure, as well as powerful surgical
suction that will be useful for removing released particles from the peri-implant tissues.

2.3.4. Air-Abrasion

Air-abrasion or polishing is a mechanical method for cleaning teeth and implants surfaces.
The method uses powders with different particle sizes contained in a waterjet [152,153] that can
remove contaminants and clean and polish the surface [154]. Low-abrasive powders (glycine and
erythritol) are used in the waterjet, and a specially designed subgingival nozzle allows application to
contaminated implant areas [155–157].

The cleaning efficiency of the air-abrasion method was investigated by Tastepe et al. [158].
The authors applied air-abrasion to the simulated subgingival area of titanium implant surfaces
in 48 titanium discs. The most efficient decontamination was obtained when the parameters of
cleaning were adjusted as follows: application of higher air pressure (while avoiding air emphysema),
better insertion of the nozzle tip into the subgingival area, increased movement of the nozzle tip in the
subgingival area (up-down, rotation, and slow upward movements) and sufficient water flow [158].

Ronay et al. [159] compared three implant surface debridement methods: curettes, ultrasonic
scaling and air-powder abrasion. The authors found that air-abrasion cleaned more surface area
than the other methods and did not alter the titanium surface [159]. Duarte et al. [160] evaluated
bacterial adhesion on smooth and rough surfaces after decontamination with one of the following
procedures: erbium-doped:yttrium, aluminium, and garnet (Er:YAG) laser, metal and plastic curettes
and air-powder abrasion. They found that smooth implant surface roughness was increased when
metal curettes were used, and rough surfaces showed reduced roughness and bacterial adhesion when
metal curettes followed by air-abrasion were used; the authors did not evaluate the presence of metallic
debris [160].

Kreisler et al. [161] compared Er:YAG laser and an air-powder system to remove Porphyromonas
gingivalis from titanium plates. After the surface treatment, fibroblasts were incubated on the
specimens, and the proliferation rate was evaluated. They found that both treatments (laser and
air powder) supported comparable cell growth, but the air-powder treatment produced slight changes
on the implant surface, whereas the laser-treated surfaces remained unchanged [162]. Apparently,
in air-abrasion, the optimal air pressure for decontaminating a surface without causing significant
alterations is 60–90 psi for 60 s [163].

Remarks

Air-abrasion methods with soft powders seem to provide adequate decontamination of titanium
discs and titanium implant surfaces. The surfaces treated with this method show minimal or no
titanium particle release when the air pressure is adequate (60–90 psi) and sufficient water flow is
provided. To reach subgingival areas, specially designed tips are required. This method is apparently
safe for dental implant surfaces.
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2.3.5. Chemical Decontamination Methods

Chemical methods can be used alone or in combination with mechanical methods for more
efficient implant surface decontamination. Chemical methods reduce bacterial adhesion and eliminate
bacterial toxins or sub-products present at the implant surface. Among these chemicals are citric acid,
tetracycline, saline, chlorhexidine, hydrogen peroxide, tetracycline and doxycycline [164–167]. Usually,
a carrier (cotton swab) is immersed or soaked in the chemical solution and applied to the implant
surface with a rubbing movement to clean all the contaminated implant surfaces [168].

Wheelis et al. [168] observed that the combination of rubbing, treatment with a carbon dioxide
laser, and any of the following chemicals produced different levels of surface corrosion: citric acid,
15% hydrogen peroxide, chlorhexidine gluconate, tetracycline, doxycycline, sodium fluoride and
peroxyacetic acid. Surface corrosion and pitting were presented when more acidic solutions were
used (pH < 3); mildly acidic solutions caused surface discoloration, and neutral solutions did not
cause signs of corrosion. However, EDS-analysis of all cotton swabs showed the presence of titanium
particles [168].

This findings can be explained as follows: acidic solutions (pH < 3) and/or solution with high
fluoride concentrations (greater than 0.2%) disrupt the oxide layer on the titanium surface and may
inhibit re-passivation (resulting in corrosion), causing localized dissolution of the bulk titanium (pitting),
discoloration and the release of ions and metallic debris into the surrounding medium [92,96,129,169–173].

Chemicals for decontamination have also been used in combinations; Wiedmer et al. [174]
used combinations of hydrogen peroxide and titanium oxide (H2O2 + TiO2) compared to H2O2

alone and chlorhexidine (CHX) for the decontamination of titanium surfaces contaminated with
Staphylococcus epidermidis biofilms. The authors found that surface treatment with a H2O2 + TiO2

suspension was superior to that with H2O2 and CHX for the decontamination of dental implants. This
antimicrobial effect is produced by the chemical interaction of TiO2 particles with H2O2, producing
ROS (hydroperoxyl and hydroxyl radicals) and rupturing the bacterial membrane. Unfortunately, its
effects on the titanium oxide layer have not been confirmed [174].

Among chemical methods, the application of citric acid is considered slightly superior to that of
saline for biofilm removal from titanium surfaces [175,176]. However, studies showed that citric acid at
a 40% concentration applied by rubbing to the titanium surface induced changes in the topography and
potentially increased the surface roughness; because of its acidic nature, it also potentially dissolves
the titanium oxide layer [96,177–179].

Ungvari et al. [180], compared three chemical cleaning methods (3% H2O2 for 5 min; saturated
citric acid at pH 1 for 1 min, and chlorhexidine gel at 0.12% for 5 min). After treatment, the samples
were evaluated by atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS). AFM
showed a slight increase in the surface roughness but did not reveal differences in roughness among the
groups, and XPS confirmed the presence of an intact TiO2 layer on all the surfaces, thus demonstrating
that these chemicals applied under these conditions will not damage the titanium oxide layer of the
titanium surface [180].

Remarks

Chemical methods facilitate the removal of plaque, elimination of bacteria and reduction of toxins
deposited on the implant surface. As a consequence of their pH, some chemical methods can damage
the titanium oxide layer and produce corrosion of the titanium surface. When applying chemical
substances to an implant surface, the friction removes existing corrosion products, releasing titanium
particles from the implant surface and leaving the bulk titanium exposed.

Among the chemical decontamination methods, it seems that saline, chlorhexidine, hydrogen
peroxide and saturated citric acid (less than 1 min) produce minimal alterations on the implant surface.
There is a lack of information about the effects of tetracycline and doxycycline on titanium particle
release from implant surfaces.
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2.3.6. Laser Decontamination Methods

The antimicrobial activity of laser light is based on its photothermal effects [181] and its capability
to denature proteins [182], and these effects on titanium surfaces are related to the wavelength and
operation settings.

When the CO2-laser beam is directed onto a titanium implant surface, the laser light is reflected
by rougher surfaces [183].

Different power settings for CO2 lasers might have different impacts on the titanium surface. The
effect of laser irradiation on four titanium surfaces at a power of 1.0 W and 4.0 W with 50 pulses per
second (pps) and energies from 15.2 to 60.8 Joules per pulse with a laser beam diameter of 200 μm was
compared and surface alterations were found both macroscopically (dark spots) and microscopically
(melted and glazed Ti) at power outputs above 2 W [183–186]. Shibli et al. [187], who evaluated the
effects of laser decontamination of the surface of failed titanium implants. A CO2-laser at a power
of 1.2 W and energy of 40 J for 40 s at a distance of 30 mm from the implant surface was used. No
alterations in the implant surface were detected by SEM or EDS analysis [187].

Also Park et al. [188,189] showed that the CO2-laser at a low power (1.0 or 2.0 W) did not alter
the implant surface, regardless of implant type, while at of 3.5 and 5 W, the laser produced surface
alterations and gas. Romanos et al. [190] evaluated the effects of CO2 lasers for the treatment of
peri-implantitis and concluded that the application of a CO2 laser does not alter the implant surface,
decreases bacterial contamination, and enhances osseointegration. Finally, Stuebinger et al. [191]
compared different lasers for titanium surface decontamination. The CO2 laser at a power of 2, 4 and
6 W for 10 s in continuous-wave mode did not modify surfaces [191–193].

Schmage et al. [194] compared 10 methods for the surface decontamination of titanium discs. An
Er:YAG laser was used in pulsed mode at a distance of 2 mm from the implant surface and the authors
found that it produced slight surface damage and only partial bacteria removal. Unfortunately, laser
energy, power pulse rate were not reported [194].

The Er:YAG-laser can induce different effects on different implant surfaces. Shin et al. [195]
evaluated the effect of Er:YAG-laser irradiation on the microscopic structure and surface roughness of
different implant surfaces. Titanium implants with anodized and SLA surfaces were irradiated with
an Er:YAG-laser with a 60, 100, 120 and 140 mJ/pulse at 10 Hz. No significant surface changes were
observed in SLA surface implants, but severe changes were observed in anodic-oxidized implants
with only 100 mJ/pulse irradiation [195].

Er:YAG-lasers seem to be safe for titanium surface at a power of 1 W. Park et al. [189] used higher
powers of 1, 2, 3, 4 and 5 W at 20 pulses per second on pure titanium discs (machined and anodized).
They observed that 2, 3, 4 and 5 W of power generated melting, coagulation and microfractures of the
titanium surface in proportion to the used power.

The time of laser exposure and the energy applied are also responsible for the alterations observed
in different titanium implant surfaces. Settings of 100 mJ/pulse, 10 Hz and 1 min preserve the
titanium surface structure [196,197]. Meanwhile, higher energies and longer times produce surface
melting, particle loosening, and surface fractures on hydroxyapatite (HA)-coated surfaces and TiO2

surfaces [198,199]. Finally, Takagi et al. [200] analysed the efficacy of implant decontamination
(calcified deposit removal) and the surface alterations of treatment with erbium lasers (Er:YAG and
Er,Cr:YSGG), cotton pellets and titanium curettes. The authors found that Er:YAG and Er,Cr:YSGG
lasers at 40 mJ/pulse (ED 14.2 J/cm2/pulse) and 20 Hz with water spray in non-contact mode were
superior to cotton pellets or titanium curettes and the surfaces suffered minimal damage [200].

Romanos et al. [201] analyzed the effect of a diode laser (980 nm) with different power
settings applied to titanium discs in continuous-wave mode in comparison with an Nd:YAG laser.
Castro et al [202] also showed intact titanium surfaces after treatment with the diode laser but extensive
melting and damage after irradiation with the Nd:YAG laser [201,202].

Gonçalves et al. [203] used a 980-nm diode laser with continuous emission for 5 min at 2.5
and at 3 W to irradiate implants contaminated with P. gingivalis and E. faecalis and evaluated
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the bacteria reduction and the changes to the implant surfaces. The authors demonstrated that
while the used parameters did not change the treated surfaces, 3 W was 100% effective for surface
decontamination [203]. The thermal effects of diode lasers (810 nm and 980 nm) when used at low
energy (1 W) in pulsed mode with air/water cooling maintained the temperature below the critical
threshold of 47 ◦C [204–206].

Remarks on Laser-Assisted Decontamination Methods

Lasers used for titanium surface decontamination produce titanium surface alterations depending
on the laser energy, radiation time and titanium surface characteristics. There are no studies measuring
titanium particles released during or after laser decontamination. The changes in the titanium surface
induced by lasers are mainly produced by the temperature increase at the irradiated spot. Each laser
behaves differently on rough or machined surfaces. In general, surfaces that reflect the laser (machined
surfaces) produce smaller local temperature increases but can affect the surrounding areas. On the
other hand, surfaces that absorb the laser (rough surfaces) show significant implant temperature
increments. Safe operation settings for each laser and surface should be carefully evaluated before the
laser decontamination of implant surfaces to avoid thermal damage and surface changes. To reduce the
surface damage during laser decontamination, it is recommended to use pulsed mode, short periods
of irradiation, cooling with proper air-water ratios and low energies. This section may be divided by
subheadings. It should provide a concise and precise description of the experimental results, their
interpretation as well as the experimental conclusions that can be drawn.

3. Materials and Methods

PICO questionnaires were developed and problems, interventions, comparisons and outcomes
were organized for the surgical, prosthetic and maintenance phases in implant dentistry procedures
(Table 2). An exhaustive search of the literature was performed in PubMed, Medline and Google
Scholar for all the relevant studies in the literature published between 1980 and 2018 involving titanium
particles and ions related to dental implants and implant dentistry procedures. The following search
keywords were used in this systematic review.
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3.1. For the Surgical Phase

Implant bed preparation AND titanium particles; OR implant bed preparation AND metal release;
OR bone drilling AND titanium particles; OR bone drilling and metal release; metal debris AND drills;
OR implant drill AND wear; OR implant drill and corrosion; OR implant drill and damage; OR bone
piezosurgery AND titanium particles/ions; OR osteotomy and metal particles/ions; OR osteotomy
and metal debris.

Implant insertion AND metal ions; implant insertion AND titanium ions; Implant insertion AND
titanium particles; OR implant insertion and implant surface alterations; OR implant insertion AND
titanium release; implant insertion and metal release; OR implant insertion AND titanium particles
detachment; OR implant insertion and metal debris; OR implant insertion AND bone contamination;
OR implant insertion and bone metal content; implant insertion and tissue metal content.

Implant removal AND metal ions release; implant removal and titanium release; Implant removal
AND titanium particles; implant removal and surface alterations; OR implant removal AND metal
release; OR Implant removal and particles dislodgement; OR implant removal and metal debris.

3.2. For the Prosthetic Phase

Implant abutment connection AND wear; OR implant abutment connection and deformation;
OR implant abutment connection AND titanium particles; implant abutment connection AND ions
release; OR implant abutment connection AND corrosion; OR implant abutment connection material
AND wear; OR implant abutment connection misfit; implant abutment connection misfit AND wear;
dental Implants AND fretting corrosion.

3.3. For the Maintenance Phase

Implant decontamination AND wear; OR implant decontamination and corrosion; OR fluoride
AND titanium corrosion; OR chlorhexidine AND titanium corrosion; OR implant scaling AND titanium
wear; OR implant surface polishing AND particles release; implant surface polishing AND titanium
findings in soft tissues; implant surface polishing AND titanium particles in bone; OR chemical
decontamination AND implant surface OR laser decontamination AND implant surface OR laser
decontamination AND titanium particles OR laser decontamination AND titanium ions.

Two investigators (RD and GR) performed the initial searches using the keyword combinations;
the titles that appeared in the search containing the keywords were reviewed and these fulfilling the
inclusion criteria were included for abstract review. The abstracts of the articles were read in full, and
those fulfilling the inclusion criteria were included for full-text review and data extraction.

In the case of a disagreement between reviewers, a third investigator (JLC) was included for a
final decision regarding the inclusion or exclusion of the articles.

The inclusion criteria were determined as follows: experimental, animal and human studies
published in the English language that analyzed titanium particle or ion release in the surgical,
prosthetic/restorative or maintenance phase in implant dentistry. The titanium/metal particles
released during implant insertion, particle size, location and detection methods were compiled
(Table 3).

The exclusion criteria were as follows: articles in languages other than English, reviews, other
systematic reviews and expert opinions as well as duplicated articles were excluded.
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4. Conclusions

Dental implants have revolutionized the dentistry profession, and titanium dental implants have
demonstrated their utility and safety for more than 40 years. However, over time, it has become
evident that debris and sub-products can be generated during the life of the implant.

Titanium particles and ions can also be released from metallic instruments used for implant bed
preparation, from the implant surfaces during insertion and from the implant-abutment interface
during insertion and functional loading. In addition, the implant surfaces and restorations are exposed
to the environment, saliva, bacteria and chemicals that can potentially dissolve the titanium oxide layer.
If these agents attack continuously, the implant surface can permanently lose its titanium oxide layer.

The formation of soluble compounds on the titanium surface will alter the implant surface
chemistry and facilitate the dissolution and degradation of exposed bulk titanium, resulting in the
initiation of corrosion cycles. Implant maintenance procedures can potentially alter implant surfaces
and produce titanium debris that will be released into the peri-implant tissues.

Multiple variables, such as the bone density, mechanical overloading and the use of fluorides, can
also influence the proportion of metal particles and ions released from implants and restorations. The
complex oral environment can also change with age and the use of medications, and these factors have
not yet been studied.

This review provides, for the first time, a summary of the potential sources of titanium particles
and ion release in implant dentistry and, based on the findings, suggests methods for reducing this
release. The long-term local and systemic effects of titanium particles and ions released into the
oral environment and their potential effects on cells, tissues and organs remain unknown due to the
rapid evolution and variability of new implant surfaces, new implant-abutment connections and new
restorative materials.
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Abstract: Oral biofilms attach onto both teeth surfaces and dental material surfaces in oral cavities.
In the meantime, oral biofilms are not only the pathogenesis of dental caries and periodontitis,
but also secondary caries and peri-implantitis, which would lead to the failure of clinical treatments.
The material surfaces exposed to oral conditions can influence pellicle coating, initial bacterial
adhesion, and biofilm formation, due to their specific physical and chemical characteristics. To define
the effect of physical and chemical characteristics of dental prosthesis and restorative material on
oral biofilms, we discuss resin-based composites, glass ionomer cements, amalgams, dental alloys,
ceramic, and dental implant material surface properties. In conclusion, each particular chemical
composition (organic matrix, inorganic filler, fluoride, and various metallic ions) can enhance or
inhibit biofilm formation. Irregular topography and rough surfaces provide favorable interface for
bacterial colonization, protecting bacteria against shear forces during their initial reversible binding
and biofilm formation. Moreover, the surface free energy, hydrophobicity, and surface-coating
techniques, also have a significant influence on oral biofilms. However, controversies still exist in the
current research for the different methods and models applied. In addition, more in situ studies are
needed to clarify the role and mechanism of each surface parameter on oral biofilm development.

Keywords: biofilm; dental restorative material; surface characteristics; surface roughness;
resin-based composite

1. Introduction

From the widely applied dental amalgams [1] to esthetic resin-based composites [2,3] and
ion-release glass ionomer cements [4], direct restorative materials are generally used to reconstruct
the tooth when its structure is compromised by trauma or dental caries. Besides, indirect crown
restorations and dental implants have been applied to tooth and dentition defect restorations for
decades [5,6]. Although these restorative materials had significant evolvement in the past few decades,
the failure rates of restorations are still problems to the dentists and investigators.

As it stands, direct restorations showed an annual failure rate up to 7.9% with the main reasons
of secondary caries and bulk fracture [3,7,8]. It was reported that the 5-year failure rate of fixed
dental prostheses was more than 10%, due to the common complications of caries and endodontic
diseases [9–11]. Although the implant survival reached 92.8–97.1% over a follow-up period of
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10 years, we cannot ignore peri-implantitis, which is mainly caused by biofilm accumulation [12,13].
The prevalence of peri-implantitis varies from 11% to 47%, because of the different threshold of bone
loss [14]. However, Schwendicke’s study showed that an implant might cost more than 300 Euro when
it comes to peri-implantitis, by comparison with a healthy implant [15]. Dental restorative materials
placed in oral cavity are subjected to aggressive attack by bacteria. Components in materials will be
biodegraded by the dental plaque, which will probably compromise the marginal integrity and induce
the development and progression of secondary caries and peri-implantitis [12,16–18].

The oral cavity is a complex environment, where high humidity, moderate temperature,
and abundance of nutrients promote the formation of differentiated microorganisms and microbial
biofilms [19–21]. Biofilm formation in the oral cavity is a gradated process consisting of four stages
(Figure 1) [22]:

1 acquired pellicle formation;
2 primary colonization;
3 coaggregation;
4 mature biofilm establishment.

To generate a biofilm, all surfaces exposed to the oral environment are steadily covered by a
pellicle derived from the adsorption of organic and inorganic molecules in saliva. The receptors
of salivary pellicle offer binding sites for floating initial bacteria cells to attach to these surfaces
and form microcolonies. As time goes by, the bacteria cells aggregate, proliferate, and grow into a
mushroom-shaped mature biofilm, firmly attaching to these surfaces [23,24]. Therefore, bacterial cells
within the biofilm do not exist as independent entities but, rather, as a coordinated, metabolically
integrated microbial community [22].

Figure 1. The process of biofilm formation in the oral cavity is divided into four stages: 1. acquired
pellicle formation; 2. initial adhesion; 3. coaggregation; 4. maturation and diffusion.

Since adhesion is the crucial step of biofilm formation, understanding bacteria–surface interaction
is essential for biofilm control and survival rate of restorations. The physical and chemical
characteristics of dental prosthesis and restorative materials can influence pellicle coating, initial
bacterial adhesion, and biofilm formation. The growing application of dental materials has presented
an ever-increasing need to better understand the interactions between biofilm and material surfaces in
the oral cavity. Thus, in this review, we discuss the effects of physical and chemical characteristics of
different dental prosthesis and restorative material surfaces on oral biofilms.
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2. Physical Characteristics of Dental Materials

2.1. Surface Roughness

Nowadays, some clinical procedures, polishing and finishing, are usually applied for smoother
surfaces. Among these polishing and finishing techniques, the lowest surface roughness (SR) values
could be achieved by Mylar, and followed by Al2O3 discs, one-step rubber points, diamond bur,
and multi-blade carbide bur [25].

Many researches have demonstrated that unpolished materials surfaces could accumulate
more dental biofilm than polished ones, including resin-based composites, ceramics, implant
abutments, and denture bases [22,26,27]. Kim [28] investigated the surface ultrastructure, roughness
of four ceramic materials (Vita Enamic, Lava Ultimate, Vitablocs Mark II, and Wieland Reflex), and
assessed their promotion of biofilm development following adjustments and simulated intraoral
polishing methods. It was proved that surface roughness values (Ra) were greater in all materials
following these methods, resulting in more biofilm accumulation, which implied the main cause of
biofilm accumulation was surface roughness. A previous study evaluated the surface roughness
of 20 commercial dental composite resins after abrasive wear, with the average roughness ranging
from 0.49 to 0.79 μm [29]. According to Bollen’s study, the surface roughness above the threshold
roughness (Ra = 0.2 μm) results in a simultaneous increase in biofilm accumulation, and no further
reduction in bacterial adhesion could be observed under the threshold value [30]. In the same way,
Yuan et al. demonstrated that the area of adherent bacteria was a highly linear correlation coefficient
(r = 0.893, P < 0.01) when Ra < 0.80 μm, and weakly correlated with SR when Ra ≤ 0.20 μm (r = 0.643,
P < 0.01) [31]. It indicated that factors other than SR influence biofilm formation when Ra ≤ 0.20 μm.

According to Ionescu et al., surface topography, the 3D characteristics of a surface with peaks
and valleys distribution, could explain the crucial role of SR in biofilm formation [26]. The deeper
and larger depressions may increase the contact area and provide more favorable interfaces for
bacterial colonization and biofilm formation, protecting bacteria against shear forces (rinsing and
brushing) during their initial reversible binding, leading to irreversible and stronger attachment [17,32].
Hence, it is difficult to eliminate microcolonies on the rough surfaces, resulting in the formation of
mature biofilm [33].

The studies mentioned above were mostly done in vitro. All surfaces in the oral cavity are
covered by the salivary pellicle, and the SR, one of the physical characteristics of material surfaces,
is, in part, counterbalanced by the presence of the salivary pellicle [33]. Besides, as the biofilm maturing,
the effect of SR on biofilm development is reduced, with the new bacteria adhering to the initial formed
biofilm but not to the tested material surface [34–36]. Hence, the roughness of material surface mainly
influences the initial bacterial colonization. Lorenzo [37] revealed that biofilms developed by single
bacterial species or simple microbial associations are more readily influenced by surface roughness
and topography than biofilm formed by complex communities. The different outcomes of the above
research could be related to different methods and the development of the genetic technology.

Although improving implant osseointegration, the surface roughness has been proposed as the
main feature inducing biofilm development [38]. Many studies showed that the increase of the SR
could cause an exponential growth in bacterial cells [39] and facilitate biofilm formation [22]. However,
compared to the resin-based composites (RBCs) and ceramic, SR is not always detrimental to the
treatment because it is benefit for the attachment of osteoblast. Thus, the role of SR seems a little
contradictory in this field.

With respect to the biofilm composition, Marcos [40] affirmed that there seems to be no reason
to believe that implants with rough surfaces are more susceptive to fail, and his results are in
accordance with the study [41] that showed a similar microbiota composition on titanium of different
SR. The controversial views, above, may result from different kinds of biofilms, different incubation
times and, most importantly, the different kind of titanium discs used. Some of these studies employed
the commercially available ones provided by companies, and some of them employed titanium discs
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only for labs, which differed in more than just roughness. Marcos [40] also found no significant
difference of succession kinetics of 23 microorganism species on titanium, with different Ra values,
in 1, 3, 7, 14, and 21 days. Regardless, in manufacturing advanced implants, new surface treatment
technology should be applied to establish a balance between osteoblast and oral bacterial attachment.

2.2. Other Physical Characteristics

The surface free energy (SFE) is related to the wettability of the material surface as an equivalent
to the surface of a fluid. To determine the SFE, the contact angles (θ) are measured by three liquids
differing in hydrophobicity on a specific surface [26]. A smaller contact angle implies higher SFE
and higher surface hydrophilia of the material [33]. It has been reported that less biofilm formation
occurred on RBC surfaces with low SFE, probably because of the similar hydrophilic properties
between salivary pellicle and substratum surfaces [26,30]. The effects of SFE on biofilm formation
may be inaccurate when Ra > 0.1 μm, and SR plays the primary role in biofilm accumulation, indeed.
In other words, SFE influenced early adhesion of Streptococcus mutans (S. mutans) on super smooth
surfaces (Ra ≤ 0.06 μm) [31].

The parameters of clinical dental materials influence on oral biofilms are intricate and co-occurring.
Higher surface hydrophilia implies higher SFE, which induces more microorganism accumulation [33].
Also, the SR partially depends on inorganic filler size. Nanofilled RBCs wear by breaking out of
individual primary particles. However, for microhybrid RBCs, the relatively soft matrix is worn before
the fillers plucked out [29]. It is essential to control variables to study single parameters of clinical
dental materials influencing oral biofilms.

3. Chemical Characteristics of Dental Materials

3.1. Resin-Based Composite

Resin-based dental materials have substantially evolved since they have been brought into
the market, more than 60 years ago [2,42]. Resin-based composites, as a kind of versatile direct
restorative materials, are widely used due to their excellent esthetic properties, improved mechanical
characteristics, and ease of clinical handling [2,3]. Conventional RBCs are composed of four major
components: a polymeric matrix, inorganic fillers, a silane coupling agent to produce a strong interface
between the two phases mentioned, and initiators that induce or modulate the polymerization
reaction [2]. Although the composite resin has been widely used in recent years, it has more
biofilm accumulation, more frequent replacement, and shorter longevity, when compared with
amalgam [43,44]. The failure of RBCs, mainly on account of secondary caries along the tooth–composite
interfaces, is frequently related to biofilm formation on dental restorations [3,8].

Different kinds of components imply that the surface of a RBC is not a homogeneous interface,
because of the distribution of physical-chemical phases with different chemical properties. The main
base monomers of polymeric matrix used in commercial dental composites are Bis-GMA (bis-phenyl
glycidyl dimethacrylate), Bis-EMA (bisphenol A ethoxylated dimethacrylate), PEGDMA (polyethylene
glycol dimethacrylate), and UDMA (urethane dimethacrylate) with high viscosity, mixed with
TEGDMA (triethylene glycol dimethacrylate) for dilution [2,31]. By tailoring RBC surfaces with
either high carbon (matrix-rich) or high silicon (filler-rich) content from several commercially available
RBCs without any antimicrobial agent, Ionescu et al. suggested that minimization of resin-matrix
exposure might reduce biofilm formation on RBC surfaces because of the correlation between RBC
surface carbon content and viable S. mutans biomass [26]. Recently, it was discovered that RBCs
with a UDMA/aliphatic dimethacrylate matrix blend showed significantly higher biofilm formation
on the surfaces than specimens with a Bis-GMA/TEGDMA matrix blend and analogous filler
fraction, except for nanosized filler particles [45]. Another matrix, the silorane-based composite,
was demonstrated to be less prone to S. mutans biofilm development compared with a generally
used methacrylate-based composite, due to the increased hydrophobicity by silorane [46]. It was
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investigated that a reduced light-curing time can significantly increase the amount of unpolymerized
monomers on the material surface, which might be responsible for increasing in vitro colonization on
resin composite surfaces by S. mutans [47]. Kawai et al. reported that the specific resin components,
a diglycidyl methacrylate and TEGDMA, significantly promoted glucosyltransferase (GTF) enzymes
activity [48]. The GTF enzymes involved in the synthesis of water-insoluble glucan in situ entail an
extracellular slime layer that promotes adhesion and the formation of dental plaque biofilms [49,50].
Consistently, the biodegradation byproduct (BBP) triethylene glycol (TEG), derived from methacrylate
monomers, promotes the growth of S. mutans via upregulating the expression of glucosyltransferase B
(gtfB) (involved in biofilm formation) and yfiV (a putative transcription regulator) in S. mutans [49].
Meanwhile, another BBP bishydroxypropoxyphenyl propane (BisHPPP) of Bis-GMA can also enhance
the GTF enzyme activity of S. mutans biofilms, and modulate genes and proteins involved in biofilm
formation, carbohydrate transport, and acid tolerance [51]. In conclusion, further studies are needed
to explore the appropriate proportions of resin matrix and filler particles on the surface of RBCs,
as well as to explore better ways to prevent resin biodegradation.

There are different sized inorganic fillers of the resin composites, including macrofill, microfill,
nanofill, and hybrids. The RBC’s strength and polishing ability mostly depend on the size and
proportion of inorganic fillers [2]. Pereira et al. demonstrated the least biofilm formation on a
nanofilled RBC (Filtek Z350TM) compared with nanohybrid, microhybrid, and bulk-filled RBCs.
The nanosized inorganic fillers could obtain the extensive distribution of the fillers and smoother
composite surfaces after the same finishing and polishing procedures, consequently decreasing
S. mutans adhesion [25,29,52]. Resin composites containing surface pre-reacted glass ionomer (S-PRG)
filler have been reported to show less biofilm accumulation and reduced bacterial attachment.
The pre-reacted glass-ionomer bioactive fillers have been fabricated by the acid–base reaction between
a fluoroaluminosilicate glass and polyalkenoic acid in the presence of water. The antibacterial
effects of S-PRG filler-containing resin composite is mainly attributed to release of BO3

3− and F−,
and fluoride-recharging abilities [53,54]. Yoshihara et al. investigated that bioactive glass filler may
promote bacterial adhesion because of the unstable surface integrity, releasing ions and dissolving,
which results in rougher restoration surfaces [55].

Up to now, there is still a high secondary caries rate, probably because of relatively few
commercially antibacterial resins materials applied in clinic. However, more and more experimental
antibacterial components and materials have been produced in the lab [44,56–58], among which,
12-methacryloyloxydodecylpyridinium bromide (MDPB), fluoride, and nanoparticles, have been
translated into clinical materials. Both experimental antibacterial materials and new commercial
antibacterial materials will soon pioneer a new materials field [54,59,60].

These experimental findings (Table 1) suggest that biofilm formation is influenced by the surface
chemical composition of the material, including filler size, shape, and distribution, as well as
matrix composition.

Table 1. The effect of the resin-based composites on biofilm formation.

Author, Year
Resin-Based
Composite

Brief Ref.

Ionescu et al.,
2012

Filtek Supreme XT;
Filtek SiloraneTM;

Grandio

The proportions of resin matrix and filler particles
on the surface of resin-based composite strongly

influence biofilm formation in vitro.
[26]

Brambilla et al.,
2016

Filtek SiloraneTM;
Filtek Z250TM

Silorane-based composite is less prone to S. mutans
biofilm development. [46]

Brambilla et al.,
2009 Filtek Z250TM

Unpolymerized monomers on the material surface
are responsible for increasing in vitro colonization

by S. mutans.
[47]
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Table 1. Cont.

Author, Year
Resin-Based
Composite

Brief Ref.

Kawai et al., 2000 Clearfil F II; Silux The diglycidyl methacrylate and TEGDMA
significantly promoted GTF enzymes activity [48]

Pereira et al., 2011
Filtek Z 350TM;

Esthet XTM;
Vit-l-escenceTM

The least biofilm forms on a nanofilled RBC
compared with nanohybrid, microhybrid,

and bulk-filled RBCs.
[52]

Hahnel et al.,
2014 Beautifil II The inclusion of S-PRG fillers may reduce

biofilm formation on resin composite. [53]

Yoshihara et al.,
2017

Beautifil ll;
Herculite XRV Ultra

Bioactive glass filler may promote bacterial
adhesion because of unstable surface integrity,

releasing ions and dissolving.
[53]

3.2. Glass Ionomer Cements

Glass ionomer cements (GICs), applied as direct restorative materials and cements, feature
some desirable characters, such as a chemical adhesion to enamel and dentin, and the ability to
release fluoride over time [4]. It is well known that conventional GICs have biological effects and
caries-inhibiting properties because of the release of surface fluoride ions [61].

Recently, many studies have reported that the fluoride of GICs can affect the acid production,
acid tolerance, and extracellular polymetric substance (EPS) formation of dental plaques, especially
cariogenic biofilms, such as S. mutans biofilms. The fluoride can reduce the proportion of S. mutans but
increase S. oralis (Streptococcus oralis) in the dual-species biofilm, subsequently inhibiting the formation
of cariogenic bacteria-dominant biofilms [62]. This phenomenon lasts during both the initial rapid and
second slow release phases, which is called the biphasic pattern of fluoride release of GICs [63–66].
The release of fluoride showed a significant dependence on the experimental conditions applied,
such as sterile broth, bacteria, and acid. The bacterial condition leads to the highest decrease in the
release of fluoride, which can be explained by the extracellular matrix of biofilm serving as a layer that
modulates the release of fluoride from the substratum materials. Furthermore, the acidic conditions
can enhance the constant release of fluoride, due to its high bioavailability at low pH [67]. The result
agreed with Jennifer’s study, that more fluoride is released at pH 4, the acidic and cariogenic pH,
than at pH 5.5 or pH 7, when these ions are most needed to inhibit caries [68]. It can be concluded
that the efficiency of fluoride ions depends not only on their amount, but also on the pH value of the
material during setting.

Acidic conditions promote the free fluoride ions to be released and form a weak electrolyte,
hydrogen fluoride (HF, unionized fluoride) [66], and the combination of F-/HF and enzymes can
modulate bacterium metabolism [69]. Adjacent to GIC restorations, an anti-caries environment is
established by the fluoride, which may inhibit acidic pH efficiently due to the relatively high pKa value,
3.15, of hydrogen fluoride (HF) in vivo [70], by affecting bacterial metabolism (Figure 2), both directly
(e.g., inhibition of enolase and ATPase) and indirectly (e.g., intracellular acidification) [71]. In addition,
the aluminum released from Vitremer plays a vital role in inhibiting bacterial metabolism and has a
synergistic effect with fluoride [71,72].

Figure 2. The relationship between fluoride of glass ionomer cements and bacterial metabolism.

256



Int. J. Mol. Sci. 2018, 19, 3157

Although the acid conditions of biofilms can promote fluoride release to inhibit biofilm formation,
the microbial environment changes the morphology of GICs, and accelerates material aging (Figure 3).
Meanwhile, the changed morphology and increased roughness can enhance the initial bacterial
attachment and oral biofilm formation [17]. To demonstrate the actual effects on biofilm formation of
dental material in a pragmatic way, the study models evolved consistently, from the previous water
aging model to a biological aging model, from a primary caries animal model to a secondary caries
animal model, and from in vitro to the in situ model used nowadays [73–75].

Figure 3. Representative SEM images of glass ionomer cement (GIC) surfaces before and after aging
treatments. A: without any aging treatments; B: the GICs were immersed in water; C: S. mutans
suspensions; D: salivary microbes’ suspensions.

3.3. Amalgams

Over its long clinical history, dental amalgams have evolved and served the profession successfully
and at low cost. Amalgam restorations are being phased out because of the environmental pollution
and inferior esthetic appearance [1]. However, they cannot be replaced by other restoratives because
of their perfect mechanical properties, longevity, and low cost [15]. The longevity of amalgam is
inseparable from the lower incidence of secondary caries caused by oral biofilms.

After clinical placement, amalgam restorations undergo a series of corrosion to release a variety
of metallic ions in oral cavities. It was discovered that the mercury of amalgams could deposit in
the dental plaque for up to 2 μg in 24 h, whereas the aged amalgams released little mercury because
of the presence of the formed passive tarnish layer on the surface of amalgams [76]. In the 1980s,
the amalgam was proved to have bacteriostatic and bactericidal properties due to the metallic ions
being released from the surface of the materials, such as Ag, Cu, Sn, and Hg [77]. The low biomass of
oral biofilms on amalgam surfaces is probably a result of the release of toxic ions from amalgam, which
mainly consists of Hg and Ag [69]. Specifically, amalgam showed lasting inhibition of both S. mutans
and Actinomyces viscosus (A. viscosus) which played crucial roles in biofilm formation [78]. Morrier et al.
investigated that the order of antimicrobial potential of elements in amalgams would be Hg > Cu > Zn,
by testing a suspension of S. mutans and A. viscosus [79]. Among those metallic ions, Cu2+ and Zn2+

showed synergistic effects on the reduction in acid production in dental biofilm [80]. Amalgam also
showed a robust acid-buffering ability, which can neutralize bacteria-produced acids of oral biofilm
by increasing the start pH of all solutions to around 7 to 8. This should be attributed to the release of
corrosion products on the amalgams surface. The tin and copper oxides are amphoteric compounds
that react as a base in acidic conditions [81]. This can be related to the fact that biofilms accumulated
more on composites than amalgams in the clinic. Even in the in situ study, the amalgam showed,
visually, a prevalence of non-viable cells forming small clusters distributed by the biofilm compared
to other materials [69]. However, no research has yet explored the mechanisms of bacteriostatic and
bactericidal properties of amalgam clearly.

3.4. Dental Alloys of Indirect Restoration

After 1975, the alloys for full-cast restorations, porcelain-fused-to-metal restorations, and
removable partial denture frameworks, can be divided into three kinds, high-noble alloys (Au–Pt,
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Au–Pd, Au–Cu–Ag–Pd), noble alloys (Au–Cu–Ag–Pd, Pd–Cu, Pd–Ag), and base-metal alloys (Ni–Cr,
Co–Cr, Ti) [5]. Oral microbial metabolites, such as acids, sulfide, and ammonia, can induce the
microbial corrosion of metallic materials [82]. Dental alloys corrode and release metal irons in the oral
environment which may compromise material biocompatibility and mechanical properties, and lead
to the esthetic loss of dental restorations, and influence health [83].

Among the noble alloys, a high gold content alloy (88% by weight), Captek™, showed a 71%
reduction in total bacterial numbers when compared to natural tooth surfaces [84]. This could be
attributed to the low porosity of high nobility gold inherent in the manufacturing process and the
unique electrochemical corrosion resistance [85]. Besides, metallic copper and copper-containing alloys
possess a strong and rapid bactericidal effect, named “contact killing”. This was induced by successive
membrane damage, oxidative damage, cell death, and DNA degradation [20,86]. The surface-released
free copper ions are toxic to bacteria because of their soft ionic character and their thiophilicity [86,87].
As for the base-metal alloys, a higher amount of viable microbial cells and biofilm density on prosthetic
structures based on cobalt–chromium (Co–Cr) alloys was demonstrated, when compared to those
based on titanium [21,88]. Mystkowska found that there were more corrosion pits on cobalt alloys than
on titanium alloys [88], and that these corrosion pits increase the surfaces roughness of dental alloys,
which may facilitate the subsequent accumulation of biofilm [82]. However, there was a significant
increase in biofilm density and number of microbial cells of biofilm growing on both titanium and
Co–Cr alloy, from 24 up to 48 h [21]. The acid produced by microorganisms induces the corrosion of
Cr2O3 and TiO2, the passive films, which are responsible for corrosion resistance and biocompatibility
of the alloys [82,89–91] (Table 2).

Table 2. The influence of different dental alloys on the biofilm formation.

Author, Year
Resin-Based
Composite

Brief Ref.

Zappala et al., 1996 Gold alloy High-noble alloys showed a significant reduction in biofilm because of the
low porosity and unique electrochemical corrosion resistance. [85]

Grass et al., 2011 Metallic copper Metallic copper processes strong and rapid bactericidal effect,
named “contact killing”. [20]

Mystkowska et al.,
2016

Co–Cr-based
alloy

Co–Cr alloys developed more pits and viable microbial cells
than titanium alloys after degradation. [88]

McGinley et al.,
2013 Ni-based alloy Ni-based dental casting alloys induced elevated levels of cellular toxicity

compared with S. mutans-treated Co–Cr-based dental casting alloys. [91]

Souza et al., 2013 Titanium The presence of S. mutans colonies on the titanium negatively affected its
corrosion resistance due to the titanium-passive film. [21]

Zhang et al. discovered that corroded alloy surfaces could upregulate gene expression of the
glucosyltransferase BCD, glucan-binding proteins B, fructosyltransferase, and lactate dehydrogenase
in S. mutans, which play critical roles in bacteria adherence and biofilm accumulation [82].
Microorganisms of biofilm decrease the pH by producing acidic substances and dissolve the surface
oxides of the dental alloys to reduce the corrosion resistance of the metal [92]. In turn, the changed
surfaces of the dental alloys can accelerate the virulence gene expression and biofilm formation [82].
Therefore, this bacteria-adhesion and corrosion cycle can accelerate the corrosion process and, finally,
induce failure of the dental alloys’ restoration.

3.5. Ceramic

In recent years, adhesively cemented ceramic restorations, such as inlays/onlays, veneers,
and crowns, have been used as the main approach for minimally invasive esthetic restorations in
anterior and posterior teeth [93]. However, its clinical failure is related to a lot of factors, such as
marginal misfit, surface irregularities, and cement excess, which may favor the accumulation of
microorganisms, compromising clinical restoration longevity [94].

258



Int. J. Mol. Sci. 2018, 19, 3157

Both surface roughness and surface free energy have been found to influence initial microbial
adherence decisively [40], due to compositional and microstructural differences, and bacterial
colonization was thought to differ from one ceramic material to another. Sebastian [95] employed
different kind of ceramics, glass/lithium disilicate glass/glass-infiltrated zirconia/partially sintered
zirconia/hipped zirconia ceramic as the specimens, and the glass plates were used as a control.
He found that the lithium disilicate glass ceramic had the highest values for Ra, whereas the lowest
values were found for the glass ceramic, the partially sintered zirconia, and the hipped zirconia
ceramic. Furthermore, salivary protein coating caused a significant increase in surface free energy
and the polarity of these ceramics, except for the control material. However, after salivary protein
coating, only the control material showed higher values for streptococcal adhesion than all ceramic
materials. The same study [96], which was performed in vivo, demonstrated significant differences in
biofilm formation with various types of dental ceramics. In particular, zirconia exhibited low biofilm
accumulation. Thus, except for its high intensity, low biofilm accumulation makes zirconia a promising
material for various indications. The different results of the two studies [95,96] may be related to the
different models (in vitro, in vivo) they applied (Table 3).

Table 3. The influence of different ceramic on the biofilm formation.

Author, Year Ceramic Brief Ref.

Hahnel et al.,
2009

Glass, lithium disilicate glass,
glass-infiltrated zirconia, partially sintered

zirconia, hipped zirconia ceramic

Only slight and random differences in
streptococcal adhesion were found between the
various ceramic materials, and control material

showed higher values for streptococcal
adhesion than all ceramic materials.

[95]

Bremer et al.,
2011

Veneering glass-ceramic, lithium disilicate
glass-ceramic, yttrium-stabilized zirconia

(Y-TZP), hot isostatically pressed (HIP)
Y-TZP ceramic, and HIP Y-TZP ceramic

with 25% alumina

The study in vivo showed significant difference
in biofilm formation with various types of

dental ceramics; especially zirconia exhibited
low biofilm accumulation.

[96]

Kim et al., 2017
Commercially available ceramic materials:

Vita Enamic, Lava Ultimate,
Vitablocs Mark II, and Wieland Reflex

All materials, except for Vitablocs Mark II,
promoted significantly greater biofilm growth. [28]

3.6. Dental Implant

Over the last decades, the use of dental implants has become a common way of restoring dentition
defect [6]. The implant survival rate reaches to 92.8–97.1% over a follow-up period of 10 years, but dental
implants easily become infectious, due to oral pathogenic bacteria [12,13,97]. Two main etiologies of
peri-implantitis are oral biofilms and occlusal overload [98], among which, oral biofilms developed on
dental implants play a significant role in peri-implantitis’ pathogenesis. The peri-implantitis can cause
implant loss in the absence of prevention and therapy [99,100]. The implant may be attached by saliva,
blood, and oral bacterial cells during and after the implant surgery, and bacterial cells attached to the
abutment harm the surrounding gingiva. All the above-mentioned points would affect the healing and
restoration following surgery [101].

We begin with the abutment, since pathogenic bacteria usually attach on it first, causing
peri-implant mucositis [102]. Hence, peri-implant tissue inflammation, as a consequence of biofilms
on abutments in the subgingival region, is currently considered as a major contributor to implant
loss [103]. Avila [103] found that, in the case of saliva-derived biofilm, the number of cells and the
density of the biofilm on ZrO2 were lower than on titanium materials. Zirconia abutments have a
lower possibility for bacterial attachment, which is similar to the study above [104,105], and some
researchers thought that the surface free energy is more critical on zirconia abutment surfaces [106].
Cássio’s [107] 16S rDNA sequencing results agreed with previous studies [108,109] that the titanium
accumulated more biofilm and more species of microorganisms. Two studies [110,111] found that the
early bacterial communities were low in genome counts at the very beginning of implant surgery for

259



Int. J. Mol. Sci. 2018, 19, 3157

both the zirconia and titanium abutment materials. As time goes by, both materials showed similar
microbial counts and diversity, the same as on teeth. The different results may be related to no criterion
for these products and testing methods. Zirconia is used widely for its esthetic property nowadays,
and maybe the zirconia abutment will replace the titanium abutment for the lower bacteria attachment.
However, substantial evidence is needed to prove its excellent properties in microbiological field.

When the peri-implant mucositis progress to peri-implantitis, more attention should be paid
to the implant surface (Figure 4). About implant surface treatment techniques, there are mainly
four kinds of coating techniques: alumina coating, titanium plasma spraying (TPS), biomimetic
calcium phosphate (CaP) coating and plasma sprayed hydroxyapatite (HA) coating [112]. The coating
techniques contribute to critical positive effects of dental implant application. Most authors [113,114]
agreed that a suitable coating technique may enhance the mechanical properties of the dental implants.
However, these techniques have several limitations including poor long-term adherence of the coating
to the substrate material [115], nonuniformity in thickness of the deposited layer, variations in
crystallinity [116], and composition of the coating, which influence the biofilm formation on the
surface [112] (Table 4). However, none of studies shows the single factor of different coating techniques
so far, because different coating techniques are related to different surface characteristics, which we
have discussed in other sections of this review, further studies about the coating techniques should
be performed.

Figure 4. Four kinds of titanium implant surface treatment show different SEM imagines. A: Sandblasting
and acid etching technique (SLA); B: plasma sprayed hydroxyapatite coating (HA); C: machined treatment
(machined); D: microarc oxidation (MAO).

It has been found out that, except for surface roughness and surface free energy [119],
the type of the biomaterial itself can also influence biofilm formation and subsequent plaque
accumulation on implant surfaces [21]. Two investigations have shown less inflammatory cells in the
peri-implant soft tissue of zirconia in comparison with titanium or other metals [104,105]. Additionally,
Zhao’s [106] study showed that neither roughness nor hydrophobicity had a decisive influence
on the biofilm formation that occurred on three different implant materials, comprising titanium
(Ti, cold-worked, grade 4), titanium–zirconium alloy (TiZr, 15% (wt) Zr) and zirconium oxide (ZrO2,
Y-TZP). Same as Zhao’s result, in the 3-species biofilm (Streptococcus sanguinis, Fusobacterium nucleatum,
and Porphyromonas gingivalis), the analysis showed that there were no significant differences between
titanium and zirconia in terms of total biofilm mass and metabolism. However, zirconia revealed
significantly reduced plaque thickness. Regarding human plaque biofilms, microbiological techniques
showed statistically significant reduction in biofilm formation for zirconia compared to titanium.
The result suggested that not only surface roughness or surface hydrophilicity might be important
factors for biofilm formation, but also material composition—metals compared to ceramics—suggesting
a reduced disposition for peri-implant plaque and subsequent potential peri-implant infections on
zirconia compared to titanium implant surfaces [32,120]. Nowadays, topography, surface charge,
roughness, hydrophobicity, and chemistry have been investigated for many years. Besides, some new
techniques have been studied, like nanoscale surface roughness, negatively charged surfaces, super
hydrophilic surfaces and super hydrophobic surfaces, and they have all been demonstrated to reduce
bacterial adhesion [32].
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Table 4. The influence of different titanium surface treatments on the biofilm formation.

Author, Year Different Titanium Surfaces Brief Ref.

Patrick et al., 2013
Machined, stained,

acid-etched, or sandblasted/
acid-etched (SLA)

After the colonization for 2, 4, and 8 h, there seems no difference
between these titanium discs. Up to 16.5 h, the SLA surface

showed the highest trend for the bacterial colonization
[117]

Matos et al., 2011

Micro-arc oxidation (MAO),
glow discharge plasma (GDP),

machined, and sandblasted
surfaces

The counts of F. nucleatum were lower for MAO treatment at
early biofilm phase (16.5 h), while the plasma treatment did not

affect the viable microorganism counts. Biofilm extracellular
matrix was similar among these groups, except for GDP,

with the lowest protein content.

[118]

Al-Ahmad et al.,
2010

Machined titanium (Tim),
modified titanium (TiUnite)

No significant differences in biofilm composition on the implant
surfaces. Besides, the influence of roughness and material on
biofilm formation was compensated by biofilm maturation

[35]

de Freitas et al.,
2011 Machined, blasted, HA-coated

The titanium discs were put into volunteers’ oral cavity and
were tested after 1, 3, 7, 14, and 21 days. There was no

statistically significant difference between the kinetics of
bacterial species succession and the different surfaces.

[40]

Bevilacqua et al.,
2018

Machined surface(M),
laser-treated surface (LT),
sandblasted surface (SB)

The biofilm developed in vivo for 1 day and 4 days showed no
statistical difference between 3 kinds of discs. In vitro, when the

biofilm was formed by P. aeruginosa, M showed less biomass
and biofilm average thickness. As for the biofilm developed by

mixed salivary bacteria, SB showed less biomass and
average biofilm thickness.

[37]

4. Conclusions

As discussed in this review, bacterial adhesion and biofilm formation can be strongly influenced
by surface characteristics of dental materials, which include chemical compositions, surface roughness,
surface free energy, surface topography, ions release, and others. In conclusion, every possible
particular chemical composition (organic matrix, inorganic filler, fluoride, and various metallic
ions) can enhance or inhibit biofilm formation. Irregular topography and rough surfaces provide
favorable interfaces for bacterial colonization, protecting bacteria against shear forces during their
initial reversible binding and biofilm formation. Besides, the surface free energy, hydrophobicity,
surfaces coating techniques also have a significant influence on oral biofilm.

However, the “ideal” surface characteristics have not been identified yet, and results have varied
from different methods and models. One of the major drawbacks of current research is the limitation
of the in vitro study. In vitro studies are not always able to completely simulate the complicated
conditions presented in the oral environment. Thus, further in situ studies are much needed to clarify
the role and mechanism of each surface parameter on oral biofilm formation. Finally, the goal is to
produce robust, long-lasting dental materials which will reduce costly replacements and significantly
ameliorate oral health.
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