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Over the past 2 decades, tissue engineering has emerged
as an alternative technique to repair and restore function
of damaged or diseased tissues, and this research topic is
growing quickly in the clinical fields. Through translational
and transdisciplinary research, tissue engineering combines
the attributes of biochemical and biomaterial engineering
with the aim of creating bioartificial tissues and organs. For
the oral and maxillofacial surgeon, the reconstruction of
maxillofacial defects in hard and soft tissues is an ongoing
challenge; therefore, the new clinical applications of tissue
engineering are important endeavors in oral surgery in
general and dental implantology and periodontology in
particular.

These new techniques are often combined with new
digital approaches (digital radiology and treatment planning,
optical imprint, CAD-CAM design of materials, etc.) in
order to plan complex rehabilitation, to guide surgical steps
related to the prosthetic plan, or to design custom-made
biomaterials for tissue engineering applications, for example.
Digital dentistry is a wide topic regrouping any dental
technology or device that incorporates digital or computer-
controlled components, in contrast to that of mechanical or
electrical components alone. This new aspect of dentistry is
growing very fast in the field and is strong support for tissue
engineering and dental implantology. It is an exciting time

to be in the dental profession as more technologies are being
introduced, which make dentistry safer, faster, more enjoy-
able, and often better as a whole. These digital technologies
are rapidly advancing: new tools such as intra/extraoral scan-
ners [1], cone beam computed tomography (CBCT) scanners
[2, 3], computer-aided design/computer-aided manufactur-
ing (CAD/CAM) software [4], and innovative fabrication
procedures such as 3D printing and layered manufacturing
are changing the way we treat our patients [5, 6].

In parallel to this digital evolution, the stem cells experi-
mental development is a fundamental part of tissue engineer-
ing research. Recently, for example, human umbilical cord
mesenchymal stem cells (hUCMSCs) have been regarded as
a promising candidate for tissue regeneration. Furthermore,
it has been reported that hUCMSCs can be induced into
odontoblast-like cells in vitro and in vivo [7]. Even the dental
pulp stem cells (DPSCs) were explored, due to their rapid
proliferation and capability of forming woven bone in vitro
and compact bone in vivo; and studies are searching for the
factors that trigger the osteogenic differentiation of DPSCs
for their potential use in bone tissue engineering. Many
therapeutic protocols using stem cells are daily tested for
different pathologies.

If stem cells and digital developments are important, they
are only two elements of the wide range of technologies
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under development in the domain of tissue engineering.
Biomaterials are also a major component of tissue engi-
neering, particularly implantable materials and biological
agents as a very active field of clinical regenerative medicine.
Implantable biomaterials can take numerous forms and their
applications constitute a major source of innovation and
investigation: new bone materials, new titanium or ceramic
implant design and surfaces, new surgical adjuvants such as
platelet concentrates, and so forth. The objectives of all these
biomaterials are to repair and to restore function of damaged
or diseased tissues and sometimes to promote tissue regen-
eration. In parallel, the understanding and developments
of molecular mediators or biologic agents have increased
in the last decade, especially in periodontology and dental
implantology. For example, biological agents such as recom-
binant human Platelet-Derived Growth Factor (rhPDGF-
BB), Enamel Matrix Derivate (EMD), and Bone Morpho-
genetic Proteins (BMPs) [8] and various forms of platelet
concentrates (Platelet-Rich Plasma (PRP) and Platelet-Rich
Fibrin (PRF)) have been used in many clinical situations,
with interesting results in periodontal regeneration and bone
augmentation procedures [9, 10].

As it was previously stated [11], these research fields
are the most active translational research topics in orofacial
sciences. Any research about these new implantablematerials
or techniques requires basic sciences research, in vitro and
in vivo. For example, the understanding and development of
Leukocyte- and Platelet-Rich Fibrin (L-PRF) and associated
biotechnologies, which are nowadays one of the growing
topics for applied clinical regenerative medicine [9, 10, 12],
require pharmacologic, biological, and tissue engineering
concepts to be tested, validated, optimized, and finally rede-
veloped for extended applications in other fields [13, 14].
Finally, implantable materials are also good examples of
translational research as they require accurate engineering
of the chemical and morphological characteristics of the
materials [15], their correlation and validation with biological
behaviors and concepts, their validation in vivo and in
humans, and finally the understanding of their long-term
clinical outcomes and eventual pathologies, as previously
stated [11].

In conclusion, we are now living in the early era of tissue
engineering and regenerative medicine, and applications are
numerous in dental implantology. New biomaterials and
technologies are the key for the development of this field,
and their development requires a significant endeavor in
translational and multidisciplinary research, to satisfy the
needs for clarity, efficiency, and reproducibility of this still
pioneer field.
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The purpose of this study was to locate the 3D spatial position mandibular cast and determine its occlusal contacts in a novel way
by using an intraoral scanner as part of the virtual occlusal record procedure.This study also analyzes the requirements in quantity
and dimensions of the intraoral virtual occlusal record. The results showed that the best section combination consists of 2 lateral
and frontal sections, the width of this section being that of 2 teeth (24mm × 15mm).This study concluded that this procedure was
accurate enough to locate the mandibular cast on a virtual articulator. However, at least 2 sections of the virtual occlusal records
were necessary, and the best results were obtained when the distance between these sections was maximum.

1. Introduction

In recent years, the use of digital technology in dentistry
has resulted in some important advances. The possibility of
working in a virtual environment improves the diagnosis,
planning, and treatment of any clinical case. Apart from
this, working in a virtual environment shortens the time
required for each procedure [1, 2]. Some recent developments
have made the process and design of the final product more
controllable and, therefore, more accurate. Besides this, the
dental digital workflow can be closely monitored and tailored
to the patient’s requirements [3].

Since the use of intraoral scanning is becoming common
practice in clinical work, several dental firms have centered
their research efforts on intraoral scanners. Different studies
have been carried out to assess the accuracy of the intraoral
digital impression [4–7]. On the whole, the conclusions
of these studies prove that, despite the excellent accuracy

demonstrated by single-unit scans, the use of intraoral
scanners in complete arch scans is not yet so accurate [8, 9].
Although most of the tested scanners showed similar values
in single-unit scans, the results suggest that the inaccuracies
obtained on complete arch scanning may contribute to
inaccuracies in the final treatment [10, 11].

It is worth mentioning that, due to the high amount of
best-fit alignment necessary to scan the complete arch, the
main problem of scanning is the digitization of the complete
arch. If an error is introduced in each best-fit alignment, the
cumulative error is too high in the final part. This issue has
been studied in depth over the last years by different authors
[12–15]. For these studies reference models or stone casts (in
vitro) were used, and, in order to obtain the reference, an
industrial 3D scanner, a cone-beam computed tomography,
or a coordinate measuring machine [16] was used. In one
of these studies, significant differences were found between
coating and noncoating scanners, and, for certain model
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(a) (b) (c) (d)

Figure 1: Conventional and virtual procedures. (a) Determination of occlusal contacts using Shimstock paper. (b) Scanningmandibular stone
cast with Trios 3-Shape. (c) Scanning mandibular stone cast with Zfx Intrascan. (d) Scanning maxillary cast on participant with Lava Cos.

materials, specific scanning errors for the systemwith parallel
confocal microscopy were found [17, 18]. In summary, these
studies concluded that, until the complete digital workflow
is validated for extensive dentistry treatment, professionals
should be very careful when using intraoral scanning and
limit its use to shorter-spanned treatments.

After going through the most recent studies on intraoral
scanners and, more specifically, on the virtual occlusal record
with this type of scanners, it can be concluded that the
conventional method of the interocclusal record for the posi-
tioning of the casts is now being replaced by intraoral digital
impressions. Taking this fact into account, this study aimed to
analyze the possibility of using the intraoral virtual occlusal
record procedure as a novel way to locate themandibular cast
3D spatial position in maximal intercuspidation and occlusal
contacts, and in reference to its corresponding maxillary cast
on a virtual articulator. Therefore, after studying the virtual
occlusal record procedure using digitized plaster cast models
[19, 20], the procedure was validated. To our knowledge, no
study has assessed the validity of the virtual occlusal record
procedure using an intraoral scanner directly on mouth (in
vivo). Therefore, the aim of this study was to determine the
validity and requirements of this procedure using an intraoral
scanner. The requirements of this procedure when using an
extraoral scanner were also determined in terms of best-
fit alignments, sections, and dimension [21, 22]. This study
tested the possibilities offered by 3 intraoral scanners in terms
of accuracy and determined the requirements to carry out the
virtual occlusal record procedure.

2. Material and Methods

To begin with, the IRB approval was obtained for a cross-
sectional studywith 4 participants scheduled for a diagnostic.
In all cases, the study was carried out following two proce-
dures: the conventional method and the virtual procedure. In
both procedures, a Panadent articulatorwas used to locate the
maxillary and mandibular casts.

For the conventional procedure, the occlusal contacts
were determined using a gold standard Shimstock paper
(Arti-Fol metallic Shimstock-film 20𝜇, Dr. Jean Bausch
GmbH & Co.) and the articulating paper (8 𝜇 Arti-Fol, Dr.
Jean Bausch GmbH & Co.) was used to locate the occlusal
contacts (Figure 1(a)).

Parallel to this conventional procedure, the digital work-
flow was performed. The maxillary and mandibular stone
casts were scanned using an industrial 3-dimensional (3D)
scanner (ATOS Compact Scan 5M, GOM GmbH). Then,
the virtual occlusal records were taken using 3 different
intraoral scanners: Lava Cos (3M Espe), Zfx Intrascan (MHT
Technologies), andTrios 3-Shape (Phibo) (Figures 1(b)–1(d)).
Besides this, using stone casts (in vitro) and directly onmouth
(in vivo), the digitalization was finished using these intraoral
scanners to scan the complete arches.

After the first phase, the accuracy of the input data on
the virtual occlusal procedure was analyzed. There were 3
different input scan data items: maxillary cast, mandibular
cast, and virtual occlusal record. Taking into account the
characteristics of these inputs, the deviation of a single-
unit scan and the deviation of a complete arch scan were
determined using GOM Inspect (GOM Professional, v7.5,
GOM mbH) reverse engineering software. The purpose of
this calculation was to determine the accuracy of scanning
systems in vitro and in vivo. The scanning obtained with the
ATOS 3D scanner was taken as reference (accuracy of this
system 0.03mm).

After the second phase, the optimum combinations of
the sections and dimensions were determined. The aim of
this phase was to determine the sections of the occlusal
record necessary to locate the mandibular cast on the correct
position. As proposed by DeLong et al.’s study [19, 20], the
correct position was determined by comparing the existing
physical occlusal contacts and the determined virtual con-
tacts.The reverse engineering software Geomagic (Geomagic
Design X, 3D Systems) was then used to edit and process
the virtual occlusal record. Four sets were mounted on a
Panadent mechanical articulator (1801 ARModel PSH Artic-
ulator, Panadent Corp.) without any interocclusal record, and
the physical occlusal contacts were checked virtually. Some
references were taken with the complete virtual occlusal
record and the virtual contacts were tested with the physical
contacts. The physical occlusal contacts were located using
8 𝜇m articulating paper (8 𝜇Arti-Fol, Dr. Jean Bausch GmbH
& Co.) and the contacts were verified with metallic gold
standard polyester film (Arti-Fol metallic Shimstock-film
20𝜇m, Dr. Jean Bausch GmbH & Co.).

Finally, once the required sections were determined, the
size of the optimum virtual occlusal record for each section
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Table 1: Quantity of triangles for the same molar for different
scanning systems.

Scanner ATOS 3-Shape Zfx Lava Cos Lava
Cos (high)

Triangle
quantity 19.771 16.668 18.518 21.860 62.228

combination was established. In order to determine this
size, a statistical analysis was carried out. The predictive
values for 4 sets were calculated using the virtual occlusal
records obtained with intraoral scanners. A diagnostic test
was performed to measure the effectiveness of each proce-
dure. The results of this diagnostic test provided valuable
information regarding the probability of having or not having
contacts. In this case, the virtual procedure was considered
the diagnostic test (i.e., virtual occlusal recordings) and the
reference diagnoses were the physical contacts obtained with
the Shimstock paper [21].Then, virtual contacts on the digital
models were compared to the contacts obtained with the
physical articulating paper. As described by DeLong et al.
[19] the location of the contacts was based on anatomic
regions and, as demonstrated by DeLong et al. [20], mean
predictive values (mean PV) above 0.90 were considered
accurate enough.

3. Results

To begin with, the resolution for the digitization systems used
in this study was analyzed. This input variable was compared
on the same molar using 3 different intraoral scanners as
well as the extraoral scanner. In the case of the Lava Cos
intraoral scanner, the high resolution option was applied.
For the same digitized area, the quantity of triangles was
calculated (Table 1).

Afterwards, the deviations were calculated on the dig-
itized stone casts (in vitro). The reference was the digital
data obtained by ATOS industrial 3D extraoral scanner.
The deviation in the single-unit scan was determined using
GOM Inspect (GOM Professional, v7.5, GOM mbH) reverse
engineering software. Zfx Intrascan, with 27.4𝜇m, showed
the highest mean deviation, and in terms of confidence
intervals of the deviation the value of the 95% interval was
𝜇 (0.0181–0.0346). Lava Cos presented a mean deviation of
9.4 𝜇m and 𝜇 (0.0061–0.0146). Trios 3-Shape, with 8.8 𝜇m
and 𝜇 (0.0051–0.0142), showed the least mean deviation
(Figure 2).

Thedeviation for the complete archwas determined using
the same software. The results were similar to the results
obtained using a single-unit scan. The average deviation of
a selection of 8 digitized stone casts (4 sets) was calculated.
Zfx Intrascan, with 1.100mm, showed the highest mean
deviation. Lava Cos presented a mean deviation of 0.200mm
and 𝜇 (0.1032–0.3297). Trios 3-Shape, with 0.143mm and 𝜇
(0.0551–0.2387), showed the least mean deviation (Figure 3).

Finally, the deviations on intraoral digitization (i.e., using
an in vivo scan) were also calculated. The resolution was

determined on a molar. Scanning both extra- and intrao-
rally, ATOS 3D scanner obtained 15,740 triangles, Lava Cos
obtained 20,592 triangles, and Trios 3-Shape obtained 13,896
triangles.

Thedeviation in a single-unit in vivo scanwas determined
using Lava Cos and Trios 3-Shape intraoral scanners. Lava
Cos presented a mean deviation of 78.0𝜇m and 𝜇 (0.0282–
0.0978). Trios 3-Shape, with 82.3𝜇m and 𝜇 (0.0358–0.1183),
presented a larger mean deviation (Figure 4).

The deviation for the complete arch in vivo scan was
then determined. Lava Cos showed a mean deviation of
0.2296mm and 𝜇 (0.1152–0.3346). Trios 3-Shape presented
a mean deviation of 0.2225mm and 𝜇 (0.1284–0.2962) (Fig-
ure 5).

Having determined the accuracy of the input data (devi-
ations and resolution), the requirements regarding quantity
and dimensions of intraoral digital impressions for virtual
occlusal records were determined. Since cumulative error of
the Zfx Intrascan scanner was too high even for orthodontics
treatment, this scanner was not used for this determination
[21].

The predictive values with different sections were calcu-
lated for each set (TP: true positive, FP: true positive, TN:
true negative, and FN: false negative). Positive predictive
value (PV+) means probability of contact truly exists when
diagnostic test is positive:

(PV+) = TP
TP + FP

. (1)

Negative predictive value (PN−) means probability of
contact is truly not present when diagnostic test is negative:

(PN−) = TN
TN + FN

. (2)

Only the Lava Cos scanner offered the possibility to
analyze 3 sections. The third set was analyzed using different
section dimensions. The 3 contacts of this set were located
using articulating paper, not virtually (FN = 3) (Table 2).

The resulting values showed that the best section com-
bination was 2 lateral and frontal sections (Figure 6) with
a 2-teeth-wide section (mean PV = 1.00). The other section
combination that proved to be accurate enough was 2 lateral
sections with a 3-teeth-wide section (mean PV = 0.91).

4. Discussion

Input data are of the utmost importance in the virtual
occlusal record procedure. Straga [22] concluded that the less
captures are used for the digitization, themore accurate is the
determination of occlusal contacts.Therefore, when scanning
the occlusal surface, in order to achieve a more accurate
digitation, a minimum amount of captures must be made so
as to have less best-fit alignments [8–10].

In terms of resolution there were no significant dif-
ferences among different intraoral scanners compared with
the ATOS scanner. However, due to the overlapped regions
(best-fit alignment), there were some differences in terms of
accuracy. The deviation was higher in the case of a complete
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Figure 2: Deviation on a single-unit molar. (a) Zfx Intrascan. (b) Lava Cos. (c) Trios 3-Shape.

arch than in the case of a single-unit scan. A comparison
among the different intraoral scanners pointed out that the
accuracy of the Trios 3-Shape was similar to that of the
Lava Cos, while the least accuracy corresponded to the Zfx
Intrascan system. Therefore, this scanner has not been used
for the study of the virtual occlusal procedure. The results
obtained by this study proved to be similar to those of other
in vitro studies [8, 9, 17, 18]. Accuracy stayed between 8.8
and 9.4 𝜇m for a single-unit scan and between 0.143 and
0.200mm for a complete arch scan. The accuracy values in
vivo had not been studied in any previous research work.This
study concluded that, in this case, the resulting values were
higher. The single-unit scan showed some values between
78.0𝜇m and 82.3 𝜇m. In the complete arch scan, these
values stayed between 0.2225mm and 0.2296mm, showing a
small increase in the complete arch deviation. The deviation
magnitude difference between in vivo and in vitro scans or
procedures is large, due to the movements, tongue, and spit.
However, this deviation is not so large when the complete
arch is scanned; this could be due to the compensation of best
fit alignment.

This study has demonstrated that the resolution changed
from stone models (in vitro) to mouth scanning (in vivo).
The best-fit alignment issue is the same both intra- and
extraorally. However, input data improve when working
extraorally. That is, when the scanning is carried out directly
on the patient’s mouth the resolution and accuracy decrease
[22]. Therefore, the accuracy of a single-unit and a com-
plete arch scan is better when working in vitro. There are
many reasons that account for this fact, among others, the
brightness of the material, the patient’s movement, and the
presence or movement of the tongue. The learning curve of
the intraoral scanner, especially in vivo, must be taken into
consideration. In this study, an expert technician carried out
in vivo scanning.

On the other hand, in vitro studies [1, 10, 17, 20] affirmed
that there are more steps in the extraoral procedure where
the deviation such as impression, production of the stone
models, mounting on the mechanical articulator, and other
steps could be introduced.

In terms of virtual occlusal record, the analysis of contacts
was carried out as in previous studies [19–21]. To be able to
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Figure 3: Deviation on complete arch. (a) Zfx Intrascan. (b) Lava Cos. (c) Trios 3-Shape.

(a) (b)

Figure 4: Deviation on a single-unit in vivo scan. (a) Lava Cos. (b) Trios 3-Shape.
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Figure 5: Deviation on complete arch. (a) Lava Cos. (b) Trios 3-Shape.

Table 2: Statistical analysis for intraoral virtual occlusal record.

3rd set-virtual occlusal record FP TP FN TN PV+ PV− Mean PV
Lava Cos (section, width)

2 lateral sections, 1 tooth 2 4 1 3 0.67 0.75 0.71
2 lateral sections, 2 teeth 0 6 1 3 1.00 0.75 0.87
2 lateral sections, 3 teeth 1 5 0 3 0.83 1.00 0.91
2 lateral and frontal sections, 1 tooth 0 5 1 3 1.00 0.75 0.87
2 lateral and frontal sections, 2 teeth 0 6 0 3 1.00 1.00 1.00
2 lateral and frontal sections, 3 teeth 1 5 1 3 0.83 0.75 0.79
2 lateral sections, 5 teeth 1 4 2 3 0.80 0.60 0.70
Complete occlusal record 1 3 2 3 0.75 0.60 0.67

Figure 6: Combination of 2 lateral and frontal sections.

locate the mandibular cast in relation to maxillary cast, the
software of these intraoral scanners requires 2 or 3 sections.
This study concluded that 3 sections of 24mm width and
15mm height were the best combination, with the distance
among the sections being as large as possible. This section
could be obtained with 2-3 successive image captures with

any of these intraoral scanners and larger sections introduce
more deviation due to the fact thatmore “best-fit alignments”
are used on the scanning phase.The second best combination
consisted of 2 lateral sections (36mm wide and 15mm high).
This is the combination recommended by Trios 3-Shape.

In summary, the literature review confirmed the influence
of different variables on the virtual occlusal record procedure
[21, 22].Thedeviation of the virtual occlusal record procedure
depends on a variety of parameters such as scan quality
(accuracy), best-fit alignment, and the amount of sections
and dimensions of the virtual occlusal records.

5. Conclusions

Intraoral virtual occlusal recording is a valid procedure
to locate a mandibular cast on a virtual articulator. The
contacts observed with this procedure were accurate enough.
Moreover, virtual contacts provided more objective and
meaningful information. However, due to the cumulative
error, knowing the deviation of each alignment (best-fit
operation or algorithm) is certainly useful.

Lava Cos and Trios 3-Shape intraoral scanners showed
similar characteristics, both of them being good enough to
carry out this procedure.Therewere no significant differences
between them in terms of accuracy. The main difference



BioMed Research International 7

between these intraoral scanners was in terms of patient
comfort.TheLavaCos requires coating and has a comfortable
small tip, whereas the Trios 3-Shape scanner has a larger tip
and is much faster.

Anothermain conclusionwas that the best results regard-
ing the virtual occlusal record sections were obtained when
the distance between the sections was maximum. Depending
on the system, and although each section does not have to
be wide (to avoid best-fit alignments), 2 or 3 sections can
be required. The resolution and accuracy were similar in
Lava Cos and Trios 3-Shape scanner. However, this second
intraoral scanner only permits 2 sections as occlusal record.
In this case, the most important point is that the distances
between these sections have to be as large as possible. This
explains why the molar part is usually scanned.

Since the real advantages of this procedure can only be
proven in vivo, more studies must be carried out in the future
in in vivo conditions.
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The purpose of this randomized controlled study is to investigate the clinical results obtained over four years and incidence
of complications associated with one- versus two-piece custom made zirconia anchorages, in single tooth implant-supported
restorations of the maxillary anterior region. Sixty-five patients, with a total of 74 missing maxillary teeth, were selected in the
period from February 2007 to July 2010. Two different ways of custommade zirconia abutment and final prosthetic restoration were
evaluated: a standard zirconia abutment associatedwith a pressed layer of lithiumdisilicatewith an all-ceramic cemented restoration
versus one-piece restoration with the facing porcelain fired and pressed straight to the custommade zirconia abutment. In 29 cases,
the restoration consisted of an all-ceramic restoration for cementation (two pieces); in 45 cases the restoration was a screw-retained
restoration (one piece).Three all-ceramic restorations broke during the observation time. Two one-piece restorations fractured after
26 months. At follow-up examination there were no significant differences between one-piece and two-piece groups regarding the
PI, BI, and MBL. Awaiting studies with longer follow-up times, a careful conclusion is that zirconia anchorages for single-implant
restorations seem to demonstrate good short-term technical and biological results.

1. Introduction

The clinical advantages of ceramic abutment led to a devel-
opment of their use in implant-supported restorations [1].
Among ceramics, zirconia (ZrO

2
) has probably been themost

widely studied material in the last twenty years following
the discovery of the stress-assisted tetragonal-to-monoclinic
transformation in partially stabilized zirconia alloys [2].
This phase transformation, usually referred to as marten-
sitic transformation, is accompanied by a 3–5% volume
expansion, which helps to arrest (or at least to minimize)
the propagation of cracks [2]. Many authors evidenced good

short-term technical, biological, and aesthetic results [3] in
the use of zirconia abutments for single-implant restorations
and these clinical results have been reported for different
implant systems [4, 5]. The introduction of individually pre-
pared abutments improved functional and aesthetic out-
comes. The custom made abutment, according to the indi-
vidual anatomic needs, allowed a personalised placement of
the margin of the prosthetic restoration ensuring satisfactory
aesthetic results [6]. In the aesthetic zone, a customized
zirconia abutment can accommodate a nonideal implant
position while simultaneously supporting the morphological
features of the soft tissues and overlying restoration [6].
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Figure 1: Preoperative view of left lateral incisor affected by per-
iodontal disease.

The aim of this randomized controlled study is to inves-
tigate the clinical results obtained over four years and inci-
dence of complications associated with one- versus two-piece
custom made zirconia abutments, in single tooth implant-
supported restorations of the maxillary anterior region.

2. Material and Methods

2.1. Study Population. Sixty-five patients, including 44 fe-
males and 21 males, with a total of 74missingmaxillary teeth,
mean age 53 ± 4 years, were selected in the period from Feb-
ruary 2007 to July 2010, at the Department of Neurosciences,
Reproduction and Odontostomatological Sciences of the
University of Naples “Federico II.” The study was designed
as a controlled randomized trial on patients who needed
single-implant restoration in the maxillary anterior area with
healthy nonrestored neighboring teeth. Two different ways of
custommade zirconia abutment and final prosthetic restora-
tion were evaluated: a standard zirconia anchorage (ART,
Thommen Medical AG, Grenchen, Switzerland) associated
with a pressed layer of lithium disilicate with an all-ceramic
cemented restoration (two pieces) versus one-piece restora-
tion with the facing porcelain fired and pressed straight
to the custom made zirconia anchorage (ART Anchorage,
Thommen Medical AG, Grenchen, Switzerland). The pros-
thetic treatment of the patients was chosen with coin toss
randomization [7]. This study was conducted in accordance
with the 1975 Helsinki requirements then revised in 2008.
The selected patients were nonsmokers; they were verbally
informed and gave their written consent. The following
patients were excluded from the study: patients refusing to
sign the agreement, patients with poor oral hygiene (Full-
Mouth Plaque Score (FMPS) ≥ 20% at baseline [8]; Full-
Mouth Bleeding Score (FMBS) ≥ 20% at baseline [8]) or with
a periodontal disease, and patients with local infections of
the soft tissues or affected by psychiatric disorder or pregnant
women.

2.2. Surgical Procedure. An alveolar nerve block infiltration
was administrated with local anesthesia using 2% mepi-
vacaine; 51 implants ((Thommen Medical AG, Grenchen,
Switzerland) 68.9%) were placed with a one-stage procedure
[9] (Figures 1–4) and 23 implants (31.1%) were placed with
two-stage procedure [10] in the maxillary anterior region
(from right canine to left canine).

Figure 2: Delayed placement of single tooth implant 30 days after
tooth extraction.

Figure 3: Periapical Rx immediately after implant placement with
provisional screw anchorage.

Figure 4: Temporary screw rehabilitation.

Each implant placement was performed with the aim of
finding an ideal three-dimensional implant position for better
aesthetic results: the respect of the vestibular bone crest, the
distance of the implant body not exceeding 1.5mm from
the adjacent root surface, and the position of the implant
shoulder approximately 2mm apical to themidfacial gingival
edge of the planned restoration. 26 patients were submitted
to GBR in the immediate postextraction time to allow an
implant placement following the previous criteria.
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2.3. Prosthodontic Procedure. In all cases the prosthetic pro-
cedures were performed six months after implant placement.
Two different ways of custom made zirconia anchorage and
final prosthetic restoration were evaluated: a standard zir-
conia anchorage (ART, Thommen Medical AG Waldenburg,
Switzerland) associated with a pressed layer of lithium disil-
icate with an all-ceramic cemented restoration (two pieces)
versus a one-piece restoration with the facing porcelain fired
and pressed straight to the custom made zirconia anchor-
age (ART Anchorage, Thommen Medical AG Waldenburg,
Switzerland). In two-piece group the ceramic restorations
(lithium disilicate Ivoclar-Vivadent) were cemented with
resin cement (3M, Relyx Unicem 2 Automix).

All zirconia abutments, once a clinical check is made,
were tightened with 25N/cm according to manufacturer’s
instruction (Thommen Medical AG, Grenchen, Switzerland)
and then we proceeded to the cementation.

Radiographs taken at the time of prosthesis delivery (i.e.,
baseline) and at the follow-up examination were used to
calculate the radiographic bone level at the mesial and at the
distal sites of the implants. The radiographic linear distance
from the implant shoulder to the first bone-to-implant
contact was used to calculate themarginal bone levels. All the
radiographs were taken by applying the longcone technique
and by using a film holder [11]. The films were digitized and
the location of the marginal bone level in relation to the
implant shoulder was assessed at the mesial and the distal
aspect by using a software program (VixWin Platinum, KaVo
Dental GmbH, Biberach, Germany). To take into account the
anatomic magnification and distortion in the films, the linear
dimensions of the digitized images were calibrated. This was
achieved by setting the scale in the image to the known
distance between two implant threads (e.g., 1.25mm) [12].

The single tooth implant-supported restorations require a
minimum 4-year follow-up period (57–83 months).

The examination comprised registration of technical and
biological data at 12, 24, 36, and 48months after the prosthesis
insertion time.

The technical recordings comprised fractures of the abut-
ment, restoration and facing porcelain, loss of retention of the
abutment (anchorage screw loosening), or restoration.

The biological parameters included mobility of the
implant (yes or no), Plaque Index (PI) [13], Bleeding Index
(BI), and the marginal bone loss (MBL). The examiner as-
sessed the probing depth (PD) inserting UNC-15 periodontal
probe (Hu-Friedy, Chicago IL, USA) parallel to the root
surface and directed apically toward the perceived location of
the apex of the root with a force of 30 g until slight resistance
was felt.

3. Results

The causes of missing teeth were endodontic failure (28 cases;
37.8%), residual roots (17 cases; 22.9%), nonrestorable caries
(9 cases; 12.2%), and agenesis (20 cases; 27.1%).

65 patients received one implant, but 9 needed two single
nonadjacent prosthetic restorations. 51 fixtures (68.9%) were
placed with a one-stage procedure [9] with a healing period
of 12 months (Figures 1–4); 23 fixtures (31.1%) were inserted

Figure 5: Preoperative occlusal view of the maxillary first right
premolar.

Figure 6: Periapical X-ray at baseline showing the tooth fracture
and decay of the first right premolar.

Figure 7: Periapical Rx of temporary screw rehabilitation.

with a two-stage procedure [10] and a healing period of 6
months (Figures 5–8). GBR was required for 26 implants (8
in one-stage group and 18 in two-stage group; in these cases
the healing period was 12 months). The implant sites and
dimensions are summarized in Table 1. The number of the
different fixture dimensions used as well as their prosthetic
rehabilitation is reported in Table 2.

All patients showed good compliance and the healing
period was uneventful. At 4 years of follow-up no patients
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Figure 8: The definitive custom zirconia-disilicate pressed anchor-
age and disilicate monolithic restoration.

Table 1

Missing teeth Number and implant
dimensions

Left central incisor 12 (4.00mm–9.5mm)
5 (4.00mm–11mm)

Right central incisor 11 (4.00mm–9.5mm)
8 (4.00mm–11mm)

Left lateral incisor
4 (3.3mm–9.5mm)
4 (3.3mm–9.5mm)
4 (4.00mm–9.5mm)
2 (4.00mm–11mm)

Right lateral incisor
5 (3.3mm–9.5mm)
2 (3.3mm–9.5mm)
6 (4.00mm–9.5mm)
3 (4.00mm–11mm)

Left canine 3 (4.5mm–11mm)
1 (4.5mm–9.5mm)

Right canine 2 (4.5mm–11mm)
2 (4.5mm–9.5mm)

Table 2

Number
of
implants

Implant dimensions One-piece
restorations

Two-piece
restorations

33 4.00mm–9.5mm 21 12
18 4.00mm–11mm 10 8
9 3.3mm–9.5mm 4 5
6 3.3mm–11mm 4 2
3 4.5mm–9.5mm 2 1
5 4.5mm–11mm 4 1

suffered from pain or peri-implant infection; the implant
survival rate was 100% and none of the implants showed
mobility. In 29 cases, the restoration consisted of an all-
ceramic restoration for cementation (two pieces) (Figure 9);
in 45 cases the restoration was a screw-retained restoration
(one piece) (Figure 10).

Three (10.3%) all-ceramic restorations broke during the
observation time. All two-piece restorations, except one
(3.4%), had excellent edge fit between restoration and abut-
ment.

Figure 9: The periapical radiograph of the implant and the cement
restoration (two pieces) 36months after implant loading. Almost no
edgeal bone loss was noted around the implant.

Figure 10: The periapical radiograph of the implant and the screw-
retained restoration (one piece) 38 months after implant loading.
Almost no edgeal bone loss was noted around the implant.

Table 3

Follow-up 48 months Plaque Index Bleeding Index
One-piece restoration 0.47 ± 0.50 0.47 ± 0.50
Two-piece restoration 0.48 ± 0.51 0.24 ± 0.44
Significance 0.893 0.053

Only 2 (4.4%) one-piece restorations fractured after 26
months. No anchorage screw loosening was reported. The
mean PI and rehabilitation BI values at 12, 24, 36, and 48
months after the prostheses insertion time are reported in
Table 3.

Kaplan-Meier’s survival analysis was performed to com-
pare the two groups. The implant placement technique
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Table 4

Follow-up 48 months Edgeal bone loss
One-piece restoration 1.4 ± 0.99
Two-piece restoration 1.17 ± 0.89
Significance 0.342

Figure 11: Intraoral view of the final rehabilitation after 12 months.

Figure 12: Buccal view of the final rehabilitation after 15 months.

(one stage or two stages) did not significantly influence
the clinical outcomes. At follow-up examination there were
no significant differences between one-piece and two-piece
groups regarding the PI, BI, and MBL (Tables 3 and 4).

Only 2 implants (6.8%) had lost more than tone thread
(Figures 11 and 12). Both these implants supported a two-
piece restoration and the quality of the peri-implant kera-
tinized mucosa was able to cover the restoration-anchorage
connection assuring a good aesthetic result.

4. Discussion

The zirconia (zirconium dioxide) characteristics have led to
its increased use for many dental applications [14]. Many
advantages of ceramic in comparison with metal anchorages
have been reported: lessmucosal discoloration [15], less adhe-
sion of bacteria [16], low or no cytotoxicity [17], and a mu-
cosal attachment very similar to titanium one [18]. Zirconia
anchorages for single-implant restorations seem to demon-
strate good short-term technical, biological, and optical
esthetic results with different implant system [9, 10, 14]. Clin-
ical studies on single-tooth implants evidenced that zirconia
abutments, supporting single-tooth implant restorations in
the anterior and premolar regions, showed a survival rate of
100% over 3-4 years [19, 20]. Moreover the low prosthetic
restoration fracture events reported showed the zirconia

abutment ability to tolerate the occlusal forces of the aesthetic
maxillary region. Although the clinical advantages of zirconia
anchorages are very promising, further investigations are
needed.

A 3-year randomized controlled clinical trial comparing
customized zirconia and titanium anchorages showed no
difference in the outcome from technical, biological, but also
aesthetical points of view [21]. Another recent review showed
no difference in mucosal discoloration between zirconia and
titanium anchorages, contradicting the previous studies [22,
23].

The loosening of the anchorage screw did not occur in
the present study confirming some recent articles performed
either in vivo [14–16] or in vitro [1, 2] which reported screw
loosening as a rare event in single-implant restorations. Screw
loosening depends on the precision and the extension of the
contact area between the retaining screw and the anchorage;
in the clinical cases reported, the used implants system con-
nections seem able to tolerate the normal occlusal forces of
the anterior maxillary teeth.

Our study reports the clinical, radiographic outcomes of
two different prosthetic ways to use the custommade zirconia
anchorages and evidence that the custom zirconia anchorages
used for one- and two-piece restoration restorations per-
formed well over a follow-up period of up to 4 years with
satisfaction by the patients.

However, there were few complications during our obser-
vation time. Two one-piece restorations with the facing
porcelain fired straight to the abutment fractured after 26
months. One of this fractures could be related to functional
overload due to the loss of a mobile prosthesis restoring
posterior teeth. This abutment was replaced and no further
problems occurred. Although in the two-piece restoration 3
fractures are reported, data from the present study show
no statistically significant differences between one-piece and
two-piece prostheses in terms of fractures and other com-
plications. At 48 months’ follow-up there were no statistical
differences either in the peri-implant edgeal bone loss or in
soft-tissue conditions between the screw-retained one-piece
restorations and single-tooth implant restorations cemented
to the anchorage (Tables 3 and 4).

About the MBL the limitations of the radiographic tech-
nique and themethod ofmeasurement should be considered.

The survival rate and the rate of technical and biological
complications in the present study were similar to the rates
reported in a systematic review of ceramic anchorages by
Sailer et al. [24]. The present study adds only a small number
of zirconia abutments and the observation time is still limited.
With respect to the laboratory findings that physical proper-
ties of zirconia like those of other ceramics may deteriorate
with aging [25], it is safe not to extend the present results
straight to long-term outcome of zirconia anchorages.

5. Conclusions

Awaiting studies with longer follow-up times, a careful con-
clusion is that zirconia anchorages for single-implant restora-
tions seem to demonstrate good short-term technical and
biological results.
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Objective. To show how random variables concern fatigue behaviour by a probabilistic finite element method. Methods.
Uncertainties on material properties due to the existence of defects that cause material elastic constant are not the same in the
whole dental implant the dimensions of the structural element and load history have a decisive influence on the fatigue process
and therefore on the life of a dental implant. In order to measure these uncertainties, we used a method based on Markoff chains,
Bogdanoff and Kozin cumulative damage model, and probabilistic finite elements method. Results. The results have been obtained
by conventional and probabilistic methods. Mathematical models obtained the same result regarding fatigue life; however, the
probabilistic model obtained a greater mean life but with more information because of the cumulative probability function.
Conclusions. The present paper introduces an improved procedure to study fatigue behaviour in order to know statistics of the
fatigue life (mean and variance) and its probability of failure (fatigue life versus probability of failure).

1. Introduction

Fatigue phenomenon is known as the change that appears
on materials when cyclic loads are applied. It is possible
to find a definition in the report entitled General Principles
for Fatigue Testing of Metals, which was published in 1964
by The International Organization for Standardization in
Switzerland. In this report, fatigue is defined as “a termwhich
applies to changes in properties which can occur in a metallic
material due to the repeated application of stresses or strains,
although usually this term applies specially to those changes
with lead to cracking or failure” [1].

Dental implants have to support many loading cycles
during their life; majority of those cycles are produced during
physiologic masticatory cycles or parafunctions as bruxism

[2]. These additional occlusive forces produce an extra effort
in the dental implant and, due to this, fatigue plays a very
important role here. Masticatory forces are not constant; they
change its value (direction, mean value, etc.), depending on
other factors such as the constrains at the joints and bite
point, the inclusion, or not, of the periodontal ligament,
or the material properties assigned to the cancellous bone
tissue; this involves a lot of randomness associated with the
fatigue phenomenon. To reduce the unrestrained elements,
we have used a method to show how uncertainties concern
fatigue life and the probability of failure using a method
based on Markoff chains, Bogdanoff and Kozin cumulative
damage model, and probabilistic finite elements method
[3–5].
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Figure 1: Proclinic dental implant analysed.

Among the factors described as possibly responsible for
the failure of implant treatment due tomechanical etiology, it
is the clinical phenomenon known as bruxism; the American
Academy of Orofacial Pain (AAOP, 2008) defines it such
as in [6] “as a movement disorder of the stomatognathic
system characterized.” The grinding and clenching of teeth,
either day or night, are with a prevalence between 6 and
91% for both sexes in the general population [7], and the
age range is between 18 and 49 years [8]. The clinical
consequences of bruxism may be different for its different
types (awake and sleep), highlighting muscular hypertrophy,
tooth wear, tooth fracture, fracture of the restorations or of
the implants, sensitivity or pain of the teeth, muscle or joints,
and temporomandibular joint disc displacement [7].

Bruxism causes excessive load on dental implants and
their superstructures, causing bone loss around implants or
even failure of the implant and/or of the implant restoration.
Therefore, bruxism is considered a risk factor for implant
treatment [9–12].

In order to evaluate the dental implant design propriety, it
is necessary to carry out standard fatigue tests with different
loads levels, as is explained in ISO 14801.These tests require a
lot of time to do all the analysis and high expensive resources
because in the practical way to study fatigue it is necessary to
analyse a great deal of dental implants until their fracture.The
aim of this study was to evaluate the predicted fatigue life of
Proclinic dental implant usingMarkoff chains, Bogdanoff and
Kozin cumulative damage model, and the probabilistic finite
element method to reduce time and improve dental implants
and compare the results with some mathematical models to
study fatigue, for example, Goodman or Gerber models [13].

2. Materials and Methods

In this paper we have analysed a Proclinic dental implant
called CON.INT IP887 (Figure 1) which has a hexagonal
internal connection, a diameter 𝐷 = 5mm, and a length

𝐿 = 6mm.The IGES file used in this study has been provided
by Proclinic dental implants, manufactured by Avenir S.L.
(Rimini, Italy).

Proclinic dental implant that we have analysed is man-
ufactured of a titanium alloy known as Titanium ELI
(Ti6Al4V), with an internal hexagonal connection and with
characteristics shown below. This alloy shows excellent per-
formance in vivo due to the excellent balance between
mechanical, physicochemical, and biofunctional properties
[14].

Titanium is a highly biocompatible biomaterial (both
in vitro and in vivo), also bioinert, with a great ability
to establish a direct structural and functional connection
between ordered and living bone and the surface of the
implant [15].

Wrought Ti-6A1-4V is a useful material for surgical
implants because of its lowmodulus, good tensile and fatigue
strength, and biological compatibility. It is used for bone
screws and for partial and total hip, knee, elbow, jaw, finger,
and shoulder replacement joints. Where fatigue properties
are not an issue, the cast alloy also has had minor use as an
implant product [16].

Geometry in IGES format has been used to generate
the finite element mesh employing the software ANSYS
CFX (version 14.5, Canonsburg, Pennsylvania, United States).
25427 nodes and 14481 elements compose this mesh. The
boundary conditions appliedmatch ISO 14801 test procedure,
that is,

(i) Apical: all DOFs (degrees of freedom, i.e., displace-
ments) restrained,

(ii) Thread: only displacements normal to the surface are
allowed,

(iii) Crestal: natural boundary conditions, that is, force,
are applied with an orientation of 15 degrees as
described.

2.1. Conventional Fatigue by Mathematical Models. In this
section, we show a quick review about the three more
important models in order to remind the reader about those
common criteria and, in this way, compare them with the
method proposed in this study. Fatigue behaviour is usually
studied theoretically by three mathematical models, which
were proposed byGoodman, Gerber [13], and Soderberg [17].

These three relationships, as Meyers and Chawla explain
in [18], consider the cyclic load as appears in Figure 2, 𝜎

𝑚

being the mean stress and 𝜎
𝑎
being the fatigue strength in

terms of stress amplitude when 𝜎
𝑚
= 0 (stress amplitude).

Mathematically, these three models are expressed as

Goodman: 𝜎
𝑎
= 𝜎
𝑒
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Figure 3: Goodman, Soderberg, and Gerber graphical models.

where 𝜎
𝑢
is the ultimate tensile strength and 𝜎

𝑦
is the

yield strength. Those three expressions can be represented
graphically as ASM shows (Figure 3) [14].

The general trend given by the Goodman relation is one
of decreasing fatigue life with increasing mean stress for a
given level of applied stress. The relation can be plotted to
determine the safe cyclic loading of a part; if the coordinate
given by the mean stress and the applied stress lies under the
curve given by the relation, then the part will survive. If the
coordinate is above the curve, then the part will fail for the
given stress parameters.

Gerber used a parabolicmodel andGoodman used a line,
which are more conservative [19].

2.2. Probabilistic Fatigue Method. Proposal presented here is
based on the following questions:

(1) Why is it necessary to do a lot of tests with the use,
probably excessive, of time and components, uniquely
dental implants in this case, and what that implies?

(2) What happens to random variables that models dis-
cussed above do not consider? Models proposed by
Soderberg, Gerber, and Goodman do not take into
account that both masticatory forces and material

2Nf
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Figure 4: 𝜀-𝑁 curve.

properties do not always have the same value, as can
be appreciated in (1).

Most of the fatigue studies are done from the deterministic
point of view, while themodel used in this study considers the
randomness of some variables.Themost important difference
between the three models explained below and the model
used in this work is that in the last one it is possible to take
into account defects that can appear in the dental implant and
the different mean loads that vary depending on the patient
and the masticatory loads.

In order to determine the fatigue life with random
variables and to be able to predict the probability of failure for
each cycle, authors employed a probabilisticmodel developed
by Bogdanoff and Kozin (B-K), which is based on Markoff
chains. To generate the model, we have used the results taken
from constant load structural analysis (von Mises stress)
employing the commercial software ANSYS CFX.

According to the proposal by Prados-Privado et al. [20]
which combines the finite element method and the B-K
model it is possible to solve the problem in four steps
(one associated with the deterministic problem and three
associated with the random variables considered).

The main ideas are as follows:

(i) Once the mean and the variance of the fatigue life
are known, we are ready to construct the probabil-
ity transition matrix (PTM). Equations (3) and (4)
from the Supplementary Material (available online at
http://dx.doi.org/10.1155/2015/825402) allow calculat-
ing the parameters needed to construct the PTM.

(ii) To get the mean life, it is necessary to know the 𝜀-𝑁
curve of the material. Figure 4 shows an example of
how 𝜀-𝑁 curve is.

(iii) To get the variance of the fatigue life, it is necessary
to know some elastoplastic properties of the material
(Neuber’s law). In Figure 5 is represented the graph-
ical formulation for Neuber’s law, which has been
obtain in [21].
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(iv) To get the variance of the elastic properties it is
necessary to have, first, a stochastic analysis, which is
done by ANSYS CFX.

With the idea of a good understanding of the results, here we
include a brief description of the probability transitionmatrix
(PTM), as Bogdanoff and Kozin wrote in [3], which has the
form shown in the following expression:

P =
(
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where 𝑝
𝑗
is the probability of remaining in the same stage

𝑗 during damage cycle and 𝑞
𝑗
is the probability of jumping

to the next level that is from the damage state 𝑗 to 𝑗 + 1.
Obviously, 𝑝

𝑗
+ 𝑞
𝑗
= 1 and 0 < 𝑝

𝑗
< 1. Parameters and

expressions required to construct this matrix are included in
the Supplementary Material.

This matrix is very important in this study because,
without it, it is not possible to calculate our principal aim;
in other words, with this matrix we can calculate the dental
implant probability of failure.

To obtain the PTM, it is necessary to compute statistics
(mean value and variance) of the fatigue life. Bogdanoff
and Kozin did it directly from experimental data. The first
time that these statistics were numerically evaluated was
done by Bea et al. [4]. A choice could be to obtain samples
from Monte Carlo Simulation, which is really expensive (it
is necessary to compute a hundred or thousand times of
fatigue life simulations). We have chosen the PFEM (per-
turbation method). Instead of generating samples, several
Taylor expansions are done around every random variable
that affects fatigue life, for all the random fields in continuum
mechanics: displacement field, strain field, and stress field.
If these fields are known, the fatigue life can be computed
[4, 20, 21].

More information about the method used in this paper
can be found in the Supplementary Material.

3. Results

The main aim of this section is to show the difference
between the conventional way and the method we propose
here to study fatigue behaviour. In this case, we are applying
the method on Proclinic dental implant called CON.INT
IP887 shown in Figure 1 using the commercial software
Mathematica (version 9, Oxfordshire, United Kingdom).

3.1.Material Properties. Table 1 shows thematerial properties
used in this study. These values have been proportioned by
Proclinic and obtained from ASM and Kobayashi et al. [22].

3.2. Force Bite. In this study, we have usedmean and standard
deviation on bite force shown in Table 2 and expressed in
Newton (SI force units).These values have been obtained as a
mean on values that Clark andCarter used in their study [23].
Values in Table 2 are a statistical analysis about the bite force
in both genders without any health and dentist problems
done with their molars.

3.3. Analysis. The most important results gained by employ-
ing the probabilistic model are shown in Table 3. From a
conventional way, the same result is obtained. This means
that, in this case, this implant should have the same life
independently of the method used. The probabilistic model
proposed here gets a bigger life but, however, it is more
precise because this model provides the mean fatigue life, the
variance for this life, and a cumulative probability function as
Figure 7 shows.

It should be pointed out that there is no variance on the
three first models because they are deterministic; because of
that variance is only applicable in the probabilistic model.

Figure 6 shows the life range inwhich the Proclinic dental
implant analysed is going to be.

Here we find the first main difference between the results
obtained by conventional fatigue and the probabilistic model
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Table 1: Titanium alloy properties employed.

Emblem 𝐸 [GPa] 𝑏 [—] 𝑐 [—] 𝜎
𝑓
 [Pa] 𝜀

𝑓
 [—] 𝜎

𝑦
[MPa] 𝜎

𝑢
[MPa]

Value 114 −0,018 −0,026 1,4 ⋅ 109 0,0186 828 895
𝐸: modulus of elasticity (whose units are Pascal, SI pressure units).
𝑏: fatigue resistance exponent (nondimensional).
𝑐: fatigue ductility exponent (nondimensional).
𝜎
𝑓
 : fatigue resistance coefficient (Pa).
𝜀
𝑓
 : fatigue ductility coefficient (nondimensional).
𝜎
𝑦
: tensile yield strength (Pa).
𝜎
𝑢
: tensile ultimate strength (Pa).

Table 2: Bite force: mean and standard deviation.

Mean [𝑁] Standard deviation [𝑁]
583,49 72,6
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Figure 6: Minimum and maximum life.

proposed in this paper. The results show a big difference,
but it is necessary to understand that the result gained by
conventional fatigue means that the fatigue life is going to be
bigger than 48 years but it does not say anything about the
probability of failure.

Values obtained to get Figure 7 are those shown in
Table 4. In order to get a good graph to show with detail what
happens on implants, it was necessary to change the temporal
axes, so, column “time” is the valuewhich has to bemultiplied
by the number of cycles to know the probability of failure
associated with each cycle.

Figure 7 has the following meaning:

(1) Cumulative probability function relates probability of
failure with number of cycles.

(2) Until time 9, the probability of failure is zero, so, that
means that nothing is waiting to occur until this time.

(3) If we get the probability of failure associated with the
mean life obtained and shown in Table 3, we discover
that it is very close to 50%.

(4) Minimum life obtained with the method proposed
here has a zero probability of failure.
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Figure 7: Cumulative probability function.

(5) Maximum life obtained has a 60% of probability of
failure associated, approximately.

4. Discussion and Conclusion

In this paper we present the application of a probabilistic
methodology for dental implants, taking into account the
variability in loads, fatigue behaviour, and design aspects and
comparing results with deterministic fatigue.This probabilis-
tic methodology, based on Markoff chains, was first applied
by Bea et al. [4, 21], tometal fatigue including separately crack
nucleation and crack growth stage.

Uncertainties between mastication habits among differ-
ent patients imply that random loads are applied to the
implants and since this must be taken into account in the
model from the very beginning it can be done using Markoff
chains. Most FE studies on dental implants are static analyses
[24–29].

Thismethodology allows us to keep inminddifferent load
blocks with different amplitudes, considering their sequential
effects. These sequential effects achieve more realistic and
confident results and they are not used in this study because
the aim is to present themain difference between the conven-
tional way of studying fatigue behaviour and a probabilistic
method.

Main differences between the conventional way and the
method we have proposed here are as follows:

(i) First of all, conventional fatigue studies do not take
into account uncertainness that material or loads can
have.
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Table 3: Fatigue results for Proclinic dental implant analysed.

Goodman Soderberg Gerber Probabilistic model

Life >1,7 ⋅ 109 cycles >1,7 ⋅ 109 cycles >1,7 ⋅ 109 cycles 1,18 ⋅ 1011 cycles
(>48,7 years) (>48,7 years) (>48,7 years) (5403 years)

Variance Not applicable 4,28 ⋅ 1014

(0.89 years2)

Table 4: PTM parameters.

Matrix dimension Time p q
3500 1.54 0.000106675 0.999893

(ii) With the probabilistic model, it is possible to know
the mean fatigue life, the variance, and, what is more
important, the probability of failure for each cycle.

(iii) In this case, results are the same for the three models
used to study conventional fatigue life.

(iv) As Figure 7 shows, it is possible to ensure that the
minimum fatigue life for this dental implant is 5388
years, because, below this time, the probability of
failure is zero.

(v) There is a big difference in fatigue life obtained by
deterministic or probabilisticmodels.Thismeans that
with the probabilistic method we are able to know
with more detail the behaviour that Proclinic dental
implant analysed here is going to have, keeping in
mind always that this case is also including random
variables, which introduced more confidence in the
model and results obtained.
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Objective. To quantitatively evaluate the tissue surface adaption of a maxillary complete denture wax pattern produced by CAD
and 3DP. Methods. A standard edentulous maxilla plaster cast model was used, for which a wax pattern of complete denture was
designed using CAD software developed in our previous study and printed using a 3D wax printer, while another wax pattern
was manufactured by the traditional manual method. The cast model and the two wax patterns were scanned in the 3D scanner
as “DataModel,” “DataWaxRP,” and “DataWaxManual.” After setting each wax pattern on the plaster cast, the whole model was
scanned for registration. After registration, the deviations of tissue surface between “DataModel” and “DataWaxRP” and between
“DataModel” and “DataWaxManual” were measured. The data was analyzed by paired t-test. Results. For both wax patterns
produced by the CAD&RP method and the manual method, scanning data of tissue surface and cast surface showed a good fit in
themajority. No statistically significant (𝑃 > 0.05) difference was observed between the CAD&RPmethod and themanual method.
Conclusions.Wax pattern ofmaxillary complete denture produced by theCAD&3DPmethod is comparable with traditionalmanual
method in the adaption to the edentulous cast model.

1. Introduction

Before the complete dentures are finally produced and the
problems become uncorrectable, a procedure of try-in refers
to the wearing of a wax pattern, after the arrangement of
artificial teeth, in the mouth of an edentulous patient to iden-
tify and fix any problemswith denture design.Thus, complete
denture try-in is a vital step in the design of complete dentures
for restoring edentulous jaws.

Several key points should be confirmed during the try-in
[1, 2], including good fit of the completed dentures on the
edentulous alveolar ridge and no tilting, twisting, nor stretch-
ing of the denture base. Vertical distance, centric relation,
occlusion, aesthetics, and phonetic function should also be
checked. To best test these dynamic functions of complete
denture requires that the dentures be of good retention and

stability; that is, each denture must have a snug fit between
the denture tissue surface and the edentulous alveolar ridge.

Computer-aided design (CAD) and computer-aided
manufacturing (CAM) technology has been widely applied
in multiple oral disciplines, especially in the field of fixed
denture restoration [3–5]. However, the application of CAD/
CAM in the design and development of complete dentures
is still being explored. Kawahata et al. and Inokoshi et al.
applied the RP technology in the coping of a complete den-
ture [6, 7]. In their studies, a wax copy of old complete den-
ture was produced and used to do try-ins to evaluate the
aesthetics, comfort, and stability in patients. However, no
studies have quantitatively evaluated the tissue surface adap-
tion of 3D printed dentures in patients, and none have
compared this method quantitatively against the traditional
manual method. In the previous study we developed the first
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(a) (b)

Figure 1: Production of the wax pattern: (a) designed in the CAD software; (b) 3D printed.

generation of complete denture CAD software using a rapid
prototyping (RP) process to complete denture production
[8]. Systematic study of this entire CAD/RP process, from
the acquisition of data to digital design and production, has
since been carried out. However, a successful digital try-in
methodology for complete denture restoration has not yet
been established.

In this study, a wax pattern of maxillary complete denture
was made on a standard edentulous plaster cast using high-
precision 3Dwax-printing technology, and the fit between the
wax pattern and the cast was evaluated quantitatively.

2. Materials and Methods

2.1. Complete Denture Wax Pattern CAD. 3D data of the
standard edentulous maxilla plaster cast model (DataModel)
and its temporal denture base were obtained using a 3D
scanner (Activity 880, Smart Optics, Germany). CAD soft-
ware for complete denture was developed based on a reverse
engineering software (Imageware 10.0, Siemens, Germany),
where the 3Ddata of the plaster cast and the temporal denture
base were registered, and the wax pattern of complete denture
was designed (Figure 1(a)).

2.2. Wax Denture Manufacturing. The CAD denture data
were imported into the supporting software of the 3D wax
printer (ProJet CPX 3500, 3D Systems, USA) where, with a
print layer thickness of 20𝜇m, the wax complete denture was
printed (Figure 1(b)). A second wax denture was also created
on the same plaster cast using the traditionalmanualmethod.

2.3. Wax Denture Scanning. The 3D printed wax pattern was
scanned to obtain “DataWaxRP.” After setting the denture
on the plaster cast completely, the entire model was scanned
to obtain “DataModel&WaxRP.” Similarly, the wax denture
made in the traditional manual method was scanned to
obtain “DataWaxManual,” and the entire model, after setting
the denture on the plaster cast, was scanned to obtain
“DataModel&WaxManual.”

2.4. Data Registration. The above scan data were inputted
together into a reverse engineering software (Geomagic Stu-
dio/Qualify 2013, Geomagic, USA). Using themultipoint reg-
istration and best fit alignment command, “DataWaxRP” was
registered to “DataModel&WaxRP” and “DataWaxManual”
to “DataModel&WaxManual,” where the polished surface of
the wax denture was set as the common area. Similarly,
“DataModel” was registered to “DataModel&WaxRP” and
“DataModel&WaxManual” with the uncovered surface of the
plaster model as the common area.

2.5. 3D Deviation Analysis. After registration, using the 3D
deviation analysis command, average deviations of the overall
area, primary stress-bearing area, secondary stress-bearing
area, and border seal area between “DataWaxRP” and “Data-
Model” (CAD&3DP group) and between “DataWaxManual”
and “DataModel” (manual group) were measured (Figure 2).

2.6. Statistical Analysis. 3D deviation analysis data of func-
tional areas (primary stress-bearing area, secondary stress-
bearing area, border seal area, and postdam area) were anal-
yzed in statistical analysis software (SPSS 19.0, IBM, USA)
using paired 𝑡-test where the CAD&3DP group is set as the
experimental group and the traditional manual method
group as the control group.𝑃 value above 0.05was considered
to be not statistically significant.

3. Results

Deviation between the tissue surface of the wax denture
and the plaster cast was shown in Figure 2, the green area
represents a good fit between them, yellow and red areas
indicate a positive deviation (tissue surface locating above
the cast surface), and the blue area indicates the presence of
a negative deviation (tissue surface locating below the cast
surface). For both the experimental group and the control
group, scanning data of tissue surface and cast surface showed
a good fit with each other in the majority, regardless of
some small proportion of positive deviation area. Almost no
region has shown negative deviation, since the actual surface
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Figure 2: Deviation between tissue surfaces of cast model and wax pattern for CAD&RP group and manual group: (a) overall; (b) primary
stress-bearing area; (c) secondary stress-bearing area; (d) border seal area; (e) postdam area.

of the denture base cannot invade the surface of the cast
model. The very small range of blue region presented on the
buccal side of left maxillary tuberosity in control group may
be explained as a scanning error by accident. Deviation of
the experimental group focused on the right maxillary
alveolar crest and buccal edge region, followed by the palate
region, with maximum distance below 0.7mm. Deviation of
the control group distributed scattered with distance above
1.0mm in some regions. The average deviations between

the tissue surface of the wax denture and the plaster cast were
listed in Table 1. Paired samples 𝑡-test between functional
areas of CAD&3DP group and manual group has shown no
significant difference.

4. Discussion

3D printing or 3DP for short was developed by MIT (Mas-
sachusetts Institute of Technology) and is based on droplet
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Table 1: Average deviation between tissue surface of wax denture
and plaster cast.

Area Deviation (mm)
CAD&3DP group Manual group

Overall 0.29 ± 0.14 0.30 ± 0.17
Primary stress-bearing area 0.33 ± 0.15 0.29 ± 0.18
Secondary stress-bearing area 0.27 ± 0.12 0.29 ± 0.17
Border seal area 0.41 ± 0.21 0.35 ± 0.30
Postdam area 0.29 ± 0.07 0.34 ± 0.05

ejection technology. 3DP utilizes an electromechanical inte-
gration system consisting of mechanical technology, control
technique, and computer technology, while the 3D printer is
made up of an ejection nozzle, mechanical system, numerical
control system, and layered software. 3DP is one kind of
the RP technology, which is a general term for technology
driven directly by the CADmodel to rapidly manufacture an
arbitrary complex 3D entity. The basic process is as follows.
Firstly, the 3D digital model of the required parts is designed.
Usually, the digital model is sliced into several layers by a
certain thickness in the𝑍 direction.The original 3Dmodel is
then divided into a series of layers. Inputting the processing
parameters based on the contour information of each layer
sheet allows for the automatic generation of the numerical
code. Finally, a 3D physical entity consisting of a series of lay-
ers is formed by stacking. This technology [9–11] can receive
CAD data directly and create new samples or models quickly
without need for molds, cutting tools, or tooling fixtures.
From the traditional “subtractive manufacturing” to current
“additive manufacturing” and from mold manufacturing to
no mold manufacturing, this technology is suitable not only
for the manufacturing of quick, single piece and small batch
parts, complex shape products, mold, or models, but also
for materials that are otherwise unmanageable and materials
for exterior design inspection, assembly testing, and rapid
reverse engineering.

The ProJet CPX 3500 3D wax printer can print the
computer-based 3D digital model layer by layer using 3DP
technology.There is a difference in themelting point between
the building material and support material used (build-
ing material, VisiJet Hi-Cast, melting point 70∘C; support
material, VisiJet S400, melting point 55–65∘C); the support
material is dissolvable and allows for removal from delicate
wax parts without damage to pattern surfaces or fine features.
This printer can produce waxmodels with high precision and
a delicate surface, which can be used for casting jewelry, med-
ical equipment with microscopic detail, medical implants,
and electrical components.

Since wax is thermoplastic, micro-shrinkage deformation
occurs during the curing process from a liquid to a solid
state. For wax pattern of complete dentures, micro-shrinkage
deformation may have effect on the adaption of the tissue
surface. Nevertheless, there was no statistically significant
difference observed between CAD&3DP group and man-
ual manufacturing group for measurements of deviation
between the denture tissue surface and the plaster cast model.

This finding demonstrated that theCAD&3DPmethod, using
our complete denture CAD software and the ProJet CPX 3500
printer, canmeet the clinically acceptable precision for design
and development of complete dentures for try-in for restoring
edentulous jaws.

In this study, a wax pattern of complete denture, which
allows the evaluation of occlusion, vertical distance, central
relationship, aesthetics, and pronunciation, was produced
using the digitalized method. Importantly, modifying of the
wax pattern could be done during try-in and the improved
profile fed back into the design software for further manufac-
turing.

However, it takes a relatively long time to print the wax
pattern of complete denture (14–16 hours) and removing
the support material (1-2 hours). The adaption of the tissue
surface of wax pattern to the cast for mandibular complete
denture should also be evaluated in further study.

5. Conclusion

Compared with the traditional manual method, the adap-
tion of the maxillary complete denture prepared using the
CAD&3DP method for testing teeth arrangement and the
edentulous alveolar ridge was not significantly different,
meaning that the CAD&3DP method can meet the clinically
acceptable precision for design and development of complete
dentures for try-in for restoring edentulous jaws.
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Glycans of cell surface glycoproteins are involved in the regulation of cell migration, growth, and differentiation. N-acetyl-
glucosaminyltransferase V (GnT-V) transfers N-acetyl-d-glucosamine to form 𝛽1,6-branched N-glycans, thus playing a crucial role
in the biosynthesis of glycoproteins. This study reveals the distinct expression of GnT-V in STRO-1 and CD-146 double-positive
dental pulp stem cells (DPSCs). Furthermore, we investigated three types of hexosamines and their N-acetyl derivatives for possible
effects on the osteogenic differentiation potential of DPSCs. Our results showed that exogenous d-glucosamine (GlcN), N-acetyl-
d-glucosamine (GlcNAc), d-mannosamine (ManN), and acetyl-d-mannosamine (ManNAc) promoted DPSCs’ early osteogenic
differentiation in the absence of osteogenic supplements, but d-galactosamine (GalN) or N-acetyl-galactosamine (GalNAc) did
not. Effects include the increased level of TGF-𝛽 receptor type I, activation of TGF-𝛽 signaling, and increased mRNA expression
of osteogenic differentiation marker genes. The hexosamine-treated DPSCs showed an increased mineralized matrix deposition
in the presence of osteogenic supplements. Moreover, the level of TGF-𝛽 receptor type I and early osteogenic differentiation were
abolished in the DPSCs transfected with siRNA for GnT-V knockdown.These results suggest that GnT-V plays a critical role in the
hexosamine-induced activation of TGF-𝛽 signaling and subsequent osteogenic differentiation of DPSCs.

1. Introduction

Dental pulp stem cells (DPSCs) are clonogenic, rapidly
proliferative, and capable of forming woven bone in vitro and
compact bone in vivo [1–4]. It is important to explore the
factors that trigger the osteogenic differentiation of DPSCs
for their potential use in bone tissue engineering. Glu-
cosamine (GlcN) is a prominent precursor in the biosynthetic
process of glycosylated proteins. Uridine diphosphate N-
acetyl glucosamine (UDP-GlcNAc) acts as a glycosyl donor in
glycosylation reactions [5]. Oligosaccharides on cell surface
glycoproteins play an important role in many cellular events,
such as transmembrane signaling, cell adhesion, prolifera-
tion, and differentiation [6–9].

N- andO-linked glycosylations are two common cotrans-
lational and posttranslational modification reactions [8, 10].
Glycoprotein receptors have evolved with low (1 or 2 N-
glycan sites) or high (8∼16 N-glycan sites) numbers of N-
linked glycans [6]. Branches of N-glycans in the ER and
Golgi apparatus are modified by the sequential action of
N-acetylglucosaminyltransferases I (GnT-I), II (GnT-II), IV
(GnT-IV), and V (GnT-V), which are, respectively, encoded
by Mgat1, Mgat2, Mgat4a/b, and Mgat5 [8, 11]. GnT-III and
GnT-V are the two major glycosyltransferases in the biosyn-
thesis process of N-linked glycoproteins. GnT-III transfers
UDP-GlcNAc to form bisecting branched N-glycans [12].
GnT-V transfers UDP-GlcNAc to form branching and elon-
gated N-linked glycans, thus playing a critical role in sugar
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chain elongation. The most common type of O-linked glyco-
sylation is the addition of O-linked 𝛽-N-acetylglucosamine
(O-GlcNAc) [10]. O-linked N-acetylglucosamine transferase
(OGT) catalyzes the addition of O-GlcNAc residue from the
donor UDP-GlcNAc to the carrier protein. Conversely, O-
GlcNAc can be removed from the carrier protein by O-linked
N-acetylglucosaminidase (O-GlcNAcase) [13].

Metabolic flux through the hexosamine pathway was
reported to regulate UDP-GlcNAc levels in the Golgi and the
glycoprotein levels on the cell surface, for example, epithelial
growth factor receptor (EGFr) and other growth factor
receptors in high-number N-glycans as well as transforming
growth factor 𝛽 receptor (TGF-𝛽r) in low-number N-glycans
[6]. The change in hexosamine concentration induces a
switch-like response in regulating the level of TGF-𝛽r, which
is one of the important receptors in the transduction of TGF-
𝛽/Smad signaling pathway. The elevation of intracellular
UDP-GlcNAc increases N-glycan branching and thus may
enhance retention of growth factor receptors at the cell
surface via association with galectin-3, subsequently leading
to an increase in signaling.

Previous studies have reported that exogenous GlcN
promotes tissue regeneration of dental pulp wounds [14]
and induces early osteogenic differentiation of DPSCs by
modulating the level of transforming growth factor-𝛽 recep-
tor (TGF-𝛽r) type I [15]. It is not clear whether other
hexosamines and their N-acetyl derivatives can regulate
the osteogenic differentiation of DPSCs. In this study, we
report the predominant expression of GnT-V in DPSCs at
both the transcriptional and translational levels. Our study
further aimed to evaluate possible effects of three types of
hexosamines and their N-acetyl derivatives on the osteogenic
differentiation potential of DPSCs and to investigate whether
GnT-V is involved in the effects of hexosamine derivatives.

2. Materials and Methods

2.1. Reagents and Chemicals. Dulbecco’s modified Eagle’s
medium (DMEM), penicillin G-streptomycin sulfate,
phosphate-buffered solution (PBS), trypsin-EDTA, and
fetal bovine serum (FBS) were purchased from Biological
Industries (Kibbutz Beit Haemek, Israel). We obtained
O-(2-Acetamido-2-deoxy-D-glucopyranosylidene) amino-
N-phenylcarbamate (PUGNAc), SB431542; d-glucosamine
(GlcN), N-acetyl-d-glucosamine (GlcNAc), d-galactosamine
(GalN), N-acetyl-galactosamine (GalNAc), d-mannosamine
(ManN), and acetyl-d-mannosamine (ManNAc) from
Sigma-Aldrich (Sigma-Aldrich, St. Louis,MO); we purchased
high-capacity complementary (c) DNA kits, real-time
reverse transcriptase-polymerase chain reaction (RT-PCR)
kits, and probes from Applied Biosystems (Frederick,
MD, USA). The mouse monoclonal immunoglobulin M
(IgM) antibodies, STRO-1 and CD-146, and fluorescein
isothiocyanate- (FITC-) conjugated goat anti-mouse IgM
secondary antibodies were provided by Invitrogen (Carlsbad,
CA, USA). The mouse monoclonal antibodies against O-
linked N-acetylglucosamine (O-GlcNAc) and GnT-V were
obtained from Abcam (Cambridge, UK). We purchased the

rabbit polyclonal IgG primary antibodies against GnT-III
and OGT from GeneTex, Inc. (Alton Pkwy, Irvine, USA).
The horseradish peroxidase- (HRP-) conjugated goat anti-
mouse and anti-rabbit IgG were purchased from Chemicon
International (Billerica, MA, USA). We obtained the
antibodies to TGF-𝛽r types I and II, Smads family members
from Cell Signaling Technology (Danvers, MA, USA). A
set of siGENOME SMART pool siRNAs targeting Mgat5
mRNA came from Dharmacon (Chicago, IL, USA). We
purchased nonsilencing control siRNA duplexes from Santa
Cruz Biotechnology, Inc. (Delaware Avenue, CA, USA).

2.2. Culture and Identification of DPSCs. We cultured dental
pulp cells from pulp tissue of developing third molars
obtained from healthy young orthodontic patients according
to detailed protocols described previously [15]. The institu-
tional review board of our hospital approved the research
protocol for this study. To sort out the stem cells with STRO-
1 and CD-146 expression, we incubated cells in passage 3
with primary antibodies against STRO-1 (1 : 10) at 4∘C. After
washing with 2% FBS/PBS twice, cells were incubated with
an FITC-conjugated secondary antibody for 30min. Then
cells were washed twice more and incubated with a CD146
antibody (1 : 50) for another 30min. Finally, we washed the
cell pellet after centrifugation and resuspended it in 500𝜇L
of a 2% FBS/PBS solution for sorting, using a FACSAria
system (BD Biosciences, San Jose, CA, USA). We examined
the mRNA and protein expression of GnT-V and GnT-III
for the subpopulation of dental pulp stem cells with STRO-
1+/CD146+ double-positive expression (denoted by DPSC)
and the subpopulation of dental pulp cells with STRO-
1−/CD146− double-negative expression (denoted by DPC).

We assessed proliferation rates of DPSCs and DPCs by
seeding cells with the initial density of 1 × 104/cm2 on six-
well plates, and MTT activity was measured at days 1, 3, 5,
and 7. Cells’ colony-forming unit fibroblast (CFU-F) assay
was performed as described previously [15]. Briefly, cells were
seeded at a density of 1× 104 cells onto 100mmplates, cultured
for 14 days, then fixedwith 4%paraformaldehyde, and stained
using 0.1% (w/V) toluidine blue. Aggregates of more than 50
cells were considered colonies.

2.3. Treatment of DPSCs with Hexosamine Derivatives. This
study tested three types of hexosamines and their N-acetyl
derivativeswith similar structures (Figure 1).DPSCswere ini-
tially plated at a cell density of 1 × 104 cells/cm2 and cultured
to reach confluency. Then we treated the cells with various
hexosamine derivatives (0.005mg/mL) for further analysis,
as described below. We prepared SB431542, an inhibitor of
the TGF-𝛽 type I receptor, as a stock solution in dimethyl
sulfoxide (DMSO) and used it at a final concentration of
10 𝜇M. PUGNAc, an inhibitor of O-GlcNAcase, was used at
a final concentration of 10 𝜇M to increase the cells’ level of
O-GlcNAc modification.

2.4. RNA Isolation and Quantitative Real-Time PCR. Total
cellular RNA was extracted by the methods described pre-
viously [16]. ALP, OCN, Mgat5, and Mgat3 genes were
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Figure 1: Structural formulas of hexosamines and their N-acetyl derivatives. (a) d-glucosamine (GlcN), (b) N-acetyl-d-glucosamine (Glc-
NAc), (c) d-galactosamine (GalN), (d) N-acetyl-galactosamine (GalNAc), (e) d-mannosamine (ManN), and (f) N-acetyl-d-mannosamine
(ManNAc).

detected by quantitative real-time TaqMan RT-PCRwith pre-
designed assays (assay ID: Hs00758162 m1, Hs01587813 g1,
Hs00159136 m1, and Hs02379589 s1) using an ABI Prism
7900 SequenceDetection System (Applied Biosystems, Foster
City, CA, USA). The annealing and extension temperature
was set to 60∘C for 40 cycles. Data were collected and ana-
lyzed with instrument spectral compensation using Applied
Biosystems SDS 2.1 software. To calculate the difference in
the Ct values of the target genes and control, we used the
reference gene, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, assay ID: Hs99999905 m1), as an internal control.
Data of the experimental groups are expressed as a ratio to
the control (day 0 untreated samples).

2.5. Assessment of Alkaline Phosphatase (ALP) and Mineral-
ized Matrix Deposition. After treatment with various hex-
osamine derivatives, we evaluated the ALP activity and extra-
cellular matrix mineralization of DPSCs by cytochemical
staining as previously described [15]. Briefly, cells were fixed
with 4% paraformaldehyde and stained by incubation with
freshly prepared stock substrate solution for 30min. ALP

activity was measured using a spectrophotometric method
based on the hydrolysis of p-nitro-phenyl phosphate into p-
nitrophenol [16]. We cultured the negative control cells in
regular medium and the positive control cells in mineralizing
medium containing osteogenic supplements (OS) including
ascorbic acid (0.05mg/mL), 𝛽-glycerophosphate (10mM),
and dexamethasone (10−7M).

After the DPSCs had been cultured in regular medium
for the first 14 days in the presence of hexosamine, they were
continuously cultured in mineralizing medium for another
14 days. We then examined mineralized matrix deposition
by 2% alizarin red S (ARS) staining and used an ARS-based
spectrophotometric method for quantitative assessment [17].

2.6. Western Blot Analysis. To extract cytoplasmic and
nuclear proteins, we used ice-cold RIPA buffer (150mM
NaCl, 50mM Tris, 1% NP-40, 1mM sodium vanadate, 1mM
EDTA, and 0.05% sodium dodecylsulfate (SDS); pH 7.5) and
buffer C (20mM Tris-HCl at pH 7.9, 20% glycerol, 0.1M
KCl, and 0.2mM EDTA at pH 7.9). We used electrophoresis
and Western blot analysis to detect phosphorylated and total
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levels of Smad2 signaling molecules and total levels of Smad4
and TGF-𝛽r type I. Proteins were diluted in 6x Laemmli’s
sample buffer, denatured at 95∘C for 5min, resolved by
12% SDS-polyacrylamide gel electrophoresis (PAGE), and
electrophoretically transblotted onto polyvinylidene difluo-
ride (PVDF) microporous membranes. We incubated the
membranes with blocking solution (5% bovine serum albu-
min (BSA) in PBS) for one hour at room temperature
and probed them with various primary antibodies (1 : 1000
dilution ratios for Smad family members, TGF-𝛽r type I,
GnT-V, and GnT-III) overnight at 4∘C. Membranes were
incubated with horseradish peroxidase- (HRP-) conjugated
secondary IgG antibodies (1 : 104) for one hour and checked
with HRP substrates. Blots needing reprobing were stripped
with stripping buffer for 5 to 10min.

2.7. Small Interfering siRNA Transfection. We used a specific
silencer for Mgat5 mRNA (siRNA targeted against Mgat5,
siMgat5) to knockdown Mgat5 gene and Mgat5-encoded
GnT-V protein expression in DPSCs. A serial working con-
centration (5, 50, and 100 nM) of Mgat5 siRNA was tested,
with 50 nM determined as the optimal concentration.

Prior to transfection, we washed 60%–80% confluent cul-
tures of DPSCs with PBS and incubated them in serum- and
antibiotic-free medium. We prepared siRNA-Lipofectamine
2000 complexes and incubated them for six hours at 37∘C.
Different concentrations of siMgat5 ranging from 5 to 100 nM
were tested and the optimal concentration for silencing
Mgat5 was 50 nM. After an incubation period of six hours,
we added an equal volume of normal medium containing
two-times normal serum without removing the transfection
mixture. Amock-transfection control was created by treating
cells with transfection reagents without adding siRNA.

2.8. Statistical Analysis. Data are presented as the mean
and standard deviation of three independent replicates. We
checked differences between the treated group and untreated
controls using Student’s 𝑡-test. A 𝑝 value of <0.05 was
considered statistically significant.

3. Results

3.1. Expression of GnT-V and GnT-III in DPSCs and DPCs and
Colony-Forming Efficiencies of siMgat5-Transfected DPSCs.
Figures 2(a) and 2(b) show the higher expression of Mgat5
mRNA and GnT-V protein in DPSCs than in DPCs. Com-
pared to the mock control, the expression of Mgat5 mRNA
and GnT-V protein was substantially inhibited in the DPSCs
transfected withMgat5 siRNA (Figures 2(c) and 2(d)). More-
over, the DPSCs with GnT-V knockdown showed an obvious
decrease in proliferation rate and colony-forming efficiency
compared to the mock control (Figures 2(e) and 2(f)).

3.2. Effects of Hexosamine Derivatives on mRNA Expression
of Osteogenic Genes. Figure 3 shows the mRNA expression
of ALP and OCN genes in the DPSCs treated with various
hexosamine derivatives for 3, 5, and 7 days. The cells grown
in regular medium were used as the negative control (NC),

and those in mineralizing medium containing osteogenic
supplements (OS) were the positive control. The ALP mRNA
level increased 6- to 7-fold in GlcN/GlcNAc-treated cells
and 2- to 3-fold in ManN/ManNAc-treated cells on day 7
(Figure 3(a)). The OCN gene was also upregulated by treat-
ment with GlcN/GlcNAc and ManN/ManNAc, by approx-
imately 2- to 3-fold at later observation time points (days
5 and 7) (Figure 3(b)). These data reveal that GlcN/GlcNAc
and ManN/ManNAc, but not GalN/GalNAc, upregulate the
expression of osteogenic genes in DPSCs.

3.3. Effects of Hexosamine Derivatives on DPSC Osteogenic
Differentiation and Mineralization. We assessed the ALP
activity of DPSCs after hexosamine treatment for 3, 5, and
7 days (Figures 4(a) and 4(b)). The ALP activity of the
GlcN/GlcNAc and the ManN/ManNAc groups significantly
increased with the duration of the culture period. In contrast,
no elevation of ALP activity was noted for the GalN/GalNAc
groups. Although GlcN/GlcNAc and ManN/ManNAc trig-
gered early osteogenic differentiation by increasing ALP
activity, we detected no obvious mineralized matrix depo-
sition in the DPSCs treated only with hexosamine deriva-
tives for 14 days (Figures 4(c) and 4(d)). Therefore, the
hexosamine-treated DPSCs were continuously cultured in
mineralizing medium containing osteogenic supplements
(OS) for an additional 7 and 14 days (14 + 7 d and 14 + 14 d).
Subsequently, we assessed the mineralized matrix deposition
using ARS staining. We noted obvious enhancement of
mineralized matrix deposition in the GlcN/GlcNAc and
ManN/ManNAc groups, but not in the GalN/GalNAc groups
(Figures 4(c) and 4(d)).

3.4. Effects of Hexosamine Derivatives on O-GlcNAc Mod-
ification and TGF-𝛽 Signaling. Given that GlcN/GlcNAc,
ManN/ManNAc, and GalN/GalNAc exerted variable effects
on osteogenic differentiation of DPSCs, we further investi-
gated whether they are associated with the type of glycosy-
lation. In fact, the O-GlcNAc levels were similar among the
different hexosamine-treated groups (Figure 5(a), left panel).
PUGNAc is a powerful and low-toxicity inhibitor of O-
GlcNAcase that is widely used to increase the cellular level
of O-GlcNAc modification [16]. Thus, we used PUGNAc to
check the effects of increased expression of O-linked-glycans
in hexosamine-treated DPSCs. As expected, PUGNAc obvi-
ously increased the levels of O-linked glycoproteins. The
presence of PUGNAc induced more O-linked glycoprotein
expression in the GlcN/GlcNAc and GalN/GalNAc groups
compared to the NC control group, in which cells were
cultured in regular medium without hexosamine treatment
(Figure 5(a), right panel). Interestingly, PUGNAc not only
did not increase, but actually decreased ALP activity in the
GlcN/GlcNAc and GalN/GalNAc groups compared to the
NC control group (Figure 7).

Given that O-linked glycosylation may be unimportant
in the hexosamine-induced osteogenic differentiation of
DPSCs, this study further investigated whether the effect
was associated with the N-linked glycosylated TGF-𝛽r and
subsequent Smads signaling. Figures 5(b) and 5(c) show that
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Figure 2: Mgat5/Mgat3 mRNA expression and GnT-V/GnT-III protein expression in dental pulp cells (DPCs) and dental pulp stem cells
(DPSCs). (a) mRNA levels of Mgat5 and Mgat3 in DPSCs and DPCs, (b) Western blot image of GnT-V and GnT-III protein in DPSCs and
DPCs, (c) mRNA expression of Mgat5 andMgat3 in the DPSCs transfected with siMgat5, (d) protein expression of GnT-V and GnT-III in the
DPSCs transfected with siMgat5, (e) MTT activities of siMgat5-transfected and mock control DPSCs, and (f) colony-forming unit fibroblast
(CFU-F) assay of siMgat5-transfected and mock control DPSCs. Asterisks indicate a significant difference between two groups (𝑝 < 0.05).
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Figure 3:Differential regulation ofGlcN/GlcNAc,GalN/GalNAc, andManN/ManNAcon themRNAexpression of osteogenic genes in dental
pulp stem cells (DPSCs). (a) Alkaline phosphatase (ALP) and (b) osteocalcin (OCN). We used cells grown in regular medium as the negative
control (NC) and used those in mineralizing medium containing osteogenic supplements (OS) as the positive control.ThemRNA levels were
assessed by a TaqMan RT-PCR after treatment with various hexosamine derivatives (0.005mg/mL) for 3, 5, and 7 days. Each of the targeted
genes was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Results are expressed as the fold of each experimental group
relative to the NC group at day 0 (mean ± SD). ∗𝑝 < 0.05.

GlcN/GlcNAc and ManN/ManNAc were more effective than
GalN/GalNAc in elevating the level of TGF-𝛽r type I. Neither
the expression of Smad2/4 nor the phosphorylation of Smad2
was affected by hexosamine treatment for one hour. However,
the level of P-Smad2, especially in the nucleus, was increased
by treatment with GlcN/GlcNAc and ManN/ManNAc for
four hours. Smad4 was also detected at hour four in the
nucleus, but not in the cytoplasm of the cells treated
with GlcN/GlcNAc and ManN/ManNAc. This observation
substantiates the functional role of Smad4, which interacts
with regulatory Smads for translocation from cell nucleus
to cytoplasm. These results suggest that GlcN/GlcNAc and
ManN/ManNAc affect DPSCs by modulating the level of
TGF-𝛽r type I and subsequent activation of Smads signaling.

3.5. Effects of SB431542 and siMgat5 Transfection on TGF-
𝛽 Signaling and ALP Activity in Hexosamine-Treated DPSCs.
DPSCs were cultured in regular medium and treated with
SB431542 for four hours concomitantly with various hex-
osamine derivatives. Surprisingly, the hexosamine-enhanced
expression of TGF-𝛽r type I and phosphorylated-Smad2 was
completely abolished in response to SB431542 (Figure 6(a)).
SB431542 also inhibited ALP activity in the GlcN/GlcNAc
and ManN/ManNAc groups (Figure 7). However, treatment
with GalN/GalNAc did not increase the ALP activity of
DPSCs, regardless of the presence or absence of SB431542.

Figure 6(b) shows that siMgat5 transfection ofDPSCs sig-
nificantly inhibited the hexosamine-induced TGF-𝛽r type I
expression and Smad2 phosphorylation. A dramatic decrease
of ALP activity was also noted for the GlcN/GlcNAc and

ManN/ManNAc groups in comparison to the NC control
group (Figure 7). As described previously, the expression
of GnT-V protein was almost completely abolished in the
siMgat5-transfected DPSCs (Figures 2(c) and 2(d)). These
results indicate that GnT-V is involved in the hexosamine-
induced osteogenic differentiation of DPSCs.

4. Discussion

To our knowledge, this is the first report showing the
expression of GnT-V inDPSCs and the variable effects of hex-
osamine derivatives on osteogenic differentiation in DPSCs.
Our results reveal that GlcN/GlcNAc and ManN/ManNAc,
but not GalN/GalNAc, trigger the early osteogenic differen-
tiation of DPSCs in the absence of osteogenic supplements
by modulating the level of TGF-𝛽r type I and Smad2
signaling. In the presence of osteogenic supplements, long-
term cultures of GlcN/GlcNAc or ManN/ManNAc-treated
DPSCs showed an increased mineralized matrix deposition,
a late-stage marker of osteogenic differentiation. As shown
in Figure 1, the C-4 hydroxyl group of GalN/GalNAc is
in the opposite direction to that of GlcN/GlcNAc and
ManN/ManNAc. In other words, GalN is the epimers of GlcN
and ManN on carbon C-4. Moreover, GlcN and ManN are
epimers at the C-2 position. This suggests that the biological
functions of C-2 epimers of hexosamines and their N-acetyl
derivatives are similar, regardless of the presence or absence
of an acetyl group. This implies that the biological effects
of hexosamine derivatives on DPSCs depend in a sensitive
manner on the stereoisomerism instead of the presence of an
acetyl group.
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Figure 4: Differential effects of GlcN/GlcNAc, GalN/GalNAc, and ManN/ManNAc on alkaline phosphatase (ALP) activity and mineralized
matrix deposition of dental pulp stem cells (DPSCs). (a) ALP cytochemical staining.The negative control (NC) cells were cultured in regular
medium, and the positive control cells were cultured in mineralizing medium containing osteogenic supplements (OS). (b) ALP enzyme
activity. (c) Alizarin red S (ARS) staining to assess mineralized matrix deposition in long-term cultures. Cells were treated with 0.005mg/mL
hexosamine derivatives for 14 days (control), followed by further culture in the presence of OS for an additional 7 or 14 days (+7 d and +14 d).
(d) Quantitative assessment of ARS. Data are shown as the mean ± SD of independent triplicate cultures. For each time point, statistical
significance of the difference between the experimental and the NC groups is indicated by asterisks (𝑝 < 0.05).

GnT-V modifies many glycoproteins on the cell surface,
for example, the integrin family or growth factor receptors
with high or low numbers of N-glycans [18, 19]. N-linked
glycosylation has been shown to play a crucial role in cell
surface transportation of TGF-𝛽r type II and ligand binding
of TGF-𝛽r type I [20, 21]. The results of this study suggest
that GnT-V catalyzed N-glycan-branching is important for
the regulation of TGF-𝛽 signaling in the hexosamine-induced
osteogenic differentiation of DPSCs. UDP-GlcNAc is formed
via the hexosamine pathway and used as a sugar donor in

the biosynthesis of N-glycan branching glycoproteins [11, 22].
The availability of exogenous hexosamines may regulate the
production of UDP-GlcNAc and affect the level of cell surface
glycoproteins.

GnT-V catalyzes the addition of𝛽1,6-GlcNAc to branched
N-linked glycoproteins; then the N-glycans are extended
with GalNAc and ManN and capped with sialic acid or
fucose to serve as ligand receptors including EGFR, CTLA-4,
GLUT4, andTGF-𝛽r [6, 8]. Somemalignant phenotypes have
been reported to be associated with N-glycans branching
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Figure 5: Effects of GlcN/GlcNAc,GalN/GalNAc, andManN/ManNAc on the expression ofO-GlcNAc, TGF-𝛽r type I, and Smads proteins in
dental pulp stem cells (DPSCs).The cells grown in regularmediumwere used as the negative control (NC), and those inmineralizingmedium
containing osteogenic supplements (OS) were used as the positive control. Expression of different O-linked glycoproteins of approximately
180, 145, 100, 63, 58, 54, and 45 kDa was detected after treatment with PUGNAc (10 𝜇M) for four hours. (a) Expression of TGF-𝛽r type I
(52 kDa) and phosphorylated Smad2 protein (60 kDa) in the cytosol and nuclei at 1 hr (b) and 4 hr (c).
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Figure 6: Effects of SB431542 and SiMgat5 transfection on the expression of TGF-𝛽r type I and Smad2 phosphorylation in DPSCs treated
with GlcN/GlcNAc, GalN/GalNAc, andManN/ManNAc for four hours. We used cells grown in regular medium as the negative control (NC)
and those in mineralizing medium containing osteogenic supplements (OS) as the positive control. (a) SB431542 abolished TGF-𝛽r type I
expression and Smad2 phosphorylation; (b) transfection with siMgat5 to knockdown GnT-V also abolished TGF-𝛽r type I expression and
Smad2 phosphorylation.
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Figure 7:Differential effects of increasedO-linked glycosylation, inhibition of TGF-𝛽r type I, andGnT-Vknockdownon alkaline phosphatase
(ALP) activity in DPSCs treated with GlcN/GlcNAc, GalN/GalNAc, and ManN/ManNAc for 7 days. We used the cells grown in regular
medium as the negative control (NC) and those in mineralizing medium containing osteogenic supplements (OS) as the positive control. (a)
ALP cytochemical staining in hexosamine-treated DPSCs by treatment with PUGNAc, SB431542, or siMgat5 transfection. (b) ALP enzyme
activity. Representative data are shown as themean ± SD of independent triplicate cultures. Asterisks indicate a significant difference between
the experimental and the NC groups (𝑝 < 0.05).

catalyzed byGnT-V [23], whereas GnT-III has an antagonistic
role in GnT-V and contributes to the suppression of cancer
metastasis [24]. It was recently reported that GnT-V and its
reaction products were distinctly expressed in proliferating
neural/progenitor cells, whereas its expression was dimin-
ished in differentiated cells [25]. Our study reveals a sig-
nificant decrease of colony-forming efficiency in the DPSCs
transfected with a specific small interfering RNA to silence
the Mgat5 gene (Figure 2(f)), implying that the expression of
GnT-V is involved in the regulation of stem cell behaviors.
Our previous work found that DPSCs (STRO-1+/CD146+
cells) are more responsive to exogenous GlcN than DPCs
(STRO-1−/CD146− cells) in the upregulation of osteogenic
genes [15]. Our study further shows that the DPSCs exhibited
higher expression of GnT-V and lower expression of GnT-
III compared to the DPCs at both the transcriptional and
translational levels (Figures 2(a) and 2(b)). The exogenous
GlcN/GlcNAc and GalN/GalNAc enhanced ALP activity of
DPSCs in the absence of osteogenic supplements, whereas the
DPSCs with GnT-V knockdown significantly lost inducibility
of ALP expression (Figure 7(a)).

To investigate if O-linked glycosylation plays a role in
the effects of hexosamine derivatives on DPSCs, we used a
low-toxicity powerful inhibitor of O-GlcNAcase, PUGNAc,
to increase the level of O-glycosylation modification [26].
Interestingly, the presence of PUGNAc, GlcN/GlcNAc, and
GalN/GalNAc increased the O-glycosylation modification
but mildly decreased the ALP activity in DPSCs (Figures
5(a) and 7(a)). These results suggest that the involvement of
O-linked glycosylation may be not as important as N-linked

glycosylation in hexosamine-induced osteogenic differentia-
tion of DPSCs.

TGF-𝛽r type I is a key regulator determining the speci-
ficity of intracellular signals for osteogenic differentiation
[27, 28]. Generally, TGF-𝛽r type I is phosphorylated by
the constitutively active type II receptor kinase in TGF-𝛽-
mediated responses [29]. Constitutively active TGF-𝛽r type
I has been reported to exert TGF-𝛽 signals in the absence
of ligand or functional TGF-𝛽r type II [30]. SB431542 is a
specific inhibitor of TGF-𝛽r type I and TGF-𝛽 signaling [31].
In our study, GnT-V knockdown or treatment with SB431542
significantly abolished TGF-𝛽r type I and subsequent Smad2
phosphorylation, as well as ALP activity, in theDPSCs treated
with GlcN/GlcNAc and GalN/GalNAc (Figures 6(a) and
7(a)). Again, these results suggest that TGF-𝛽r type I plays a
critical role in the biological effects of hexosamine derivatives.
The process of endocytosis may influence receptor density at
the cell surface. It has previously been reported that Mgat5-
modifiedN-glycans on TGF-𝛽 receptors at cell-surface cross-
linked Gal-3; thus their removal by constitutive endocytosis
was delayed [32]. Further studies are required to investigate
if exogenous GlcN/GlcNAc and ManN/ManNAc modify the
balance between surface retention of TGF-𝛽r type I against
its loss via endocytosis.

In conclusion, GlcN/GlcNAc and ManN/ManNAc pro-
mote the osteogenic differentiation of DPSCs mainly via
modulating the level of N-glycan-branching TGF-𝛽r type I.
The subsequent phosphorylation of Smad2 signaling mole-
cules further increased ALP activity and enhanced extracel-
lular matrix mineralization. These stimulatory effects were



10 BioMed Research International

significantly inhibited either by treatment with SB431542
or transfection of Mgat5 mRNA silencer. Further efforts
are required to investigate the effects of GlcN/GlcNAc and
ManN/ManNAc in vivo for their application in dentino-
genic/osteogenic tissue engineering.
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The advancement of molecular mediators or biologic agents has increased tremendously during the last decade in periodontology
and dental implantology. Implant site development and reconstruction of the lost periodontium represent main fields in which
these molecular mediators have been employed and investigated. Different growth factors trigger different reactions in the tissues
of the periodontium at various cellular levels. Proliferation, migration, and differentiation constitute the main target areas of these
molecular mediators. It was the purpose of this comprehensive review to describe the origin and rationale, evidence, and the
most current understanding of the following biologic agents: Recombinant Human Platelet-Derived Growth Factor-BB (rhPDGF-
BB), Enamel Matrix Derivate (EMD), Platelet-Rich Plasma (PRP) and Platelet-Rich Fibrin (PRF), Recombinant Human Fibroblast
Growth Factor-2 (rhFGF-2), Bone Morphogenic Proteins (BMPs, BMP-2 and BMP-7), Teriparatide PTH, and Growth Differential
Factor-5 (GDF-5).

1. Introduction

Multiple factors and/or conditions such as periodontal dis-
eases, traumatisms, congenital abnormalities, and tumors
may result in significant loss of the periodontium and
surrounding structures. If no treatment is provided then
the risk for extensive bone defects increases and this may
eventually compromise the ability of maintaining the denti-
tion or even the overall bony structure for future prosthetic
rehabilitation.Hence, in these scenarios, not only periodontal
treatment is required but also regain of the lost structures is
recommended. Regeneration of the lost periodontium with
exact same structure has been the ideal goal in periodontal
therapy for long time [1]. However, the reestablishment of the
periodontium’s original form, shape, properties, and function
remains a clinical challenge [2]. By definition, periodontal
regeneration must achieve the regeneration of the alveolar
bone, cementum, and periodontal ligament and also promote

an adequate sealing by the gingival tissue. To do so, a
temporal sequence and specific spatial distribution of the cells
and signaling molecules involved in this particular healing
process have to be followed [3].

The specific mechanisms and events necessary for peri-
odontal regeneration to occur are not yet fully understood. It
is known however that specific cells must first attach to the
substrate before migrating and proliferating to the healing
area supported by the fibrin coagulum and attracted by
soluble factors. Once in the area, those cells will provide the
cellular and molecular machinery needed to clean the area
and initiate the growth of the new tissue. As it progresses,
extracellular matrix (ECM) and matrix-cellular proteins will
secure the area so that differentiated populations can act to,
ultimately, establish a functional tissue with the appropriate
turnover stimulated by function and supported by blood
supply [4].
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Since its development in 1980s [5–7], guided tissue
regeneration (GTR) has been extensively studied. With the
vast amount of clinical and preclinical studies, it has been
demonstrated that contained defects, such as 3-walled intra-
bony and class two furcations, can predictably be regenerated
with the employment of multiple grafting materials and/or
barrier membranes [8]. However, when significant tissue
regeneration is needed or in the presence of locally and/or
systemically compromised scenarios (i.e., restricted blood
supply due to systemic disorder or uncontained defect),
the application of grafting materials, barrier membranes,
and/or biologic agents has to be carefully selected to promote
predictable and sufficient quantity and quality of regenerated
tissue [8]. Therefore, not only scaffolds but also ability to
inhibit invasion of certain undesired cells to the area is
needed. Nonetheless, scaffolds by themselves usually fail to
promote the adequate healing induction and conduction
needed for the repair process to occur. When it does, this
healing cannot be considered a true regeneration because it
usually promotes bone regeneration failing at reconstructing
other components of the periodontium. The application of
biologic agents emerges to compensate for such drawbacks by
mimicking, inducing, and regulating the activity of the nat-
ural events that happen in the healing area with the purpose
of promoting the regeneration of the tissue. Biologic agents
are substances made from a living organism or its products
used in the prevention, diagnosis, or treatment of a disease. In
this sense, the utilization of such biomaterials should ideally
result in faster healing and improved regenerative outcomes.
A wide variety of biomolecules, compounds, and purified
recombinant agents have been proposed (Table 1). Therefore,
the purpose of this review was to comprehensively review
each particular biologic agent and provide the rationale,
evidence, and current understanding of the effect of these
materials upon periodontal regeneration.

2. Recombinant Human Platelet-Derived
Growth Factor-BB (rhPDGF-BB)

2.1. Rationale. rhPDGF-BB represents one of themost widely
studied growth factors in the field of periodontology. Its
efficacy has been demonstrated in both hard and soft tissue
regeneration during the last decades. Specifically, PDGF-BB
is involved in wound healing stimulating the potential for
regeneration of the periodontal tissues [9]. Since it was firstly
investigated in periodontology [10], multiple studies have
then focused on a better understanding of the mechanism
of action as well as its therapeutic potential. Today, three
different forms of PDGF are known: PDGF-AA, PDGF-AB,
and PDGF-BB. After hard or soft tissue injury, PDGF is
released by blood platelets binding to specific cell surface
receptors. As a consequence, enhancement of wound healing
process by means of chemotaxis and mitogenesis occurs [11,
12]. Of particular importance for the field of periodontology
is GEM 21S, (Osteohealth, Boston, MA). Its use has been
extensively investigated in preclinical and clinical studies
including both animal and human subjects. This product
uses 𝛽-tricalcium phosphate (𝛽-TCP) as a carrier of a highly

purified rhPDGF-BB, providing physical structural support
and space maintenance.

2.2. Evidence/Indications. Numerous animal and human
studies have demonstrated its potential for periodontal
and peri-implant regeneration [10, 13–16]. Briefly, animal
studies have demonstrated that PDGF is able to promote
bone, cementum, and periodontal ligament regeneration
in periodontal defects in dogs [10]. Additionally, further
studies have investigated the potential of PDGF around
dental implants concluding that the application of PDGF/IGF
resulted in a significant increase in percentage of bone fill
and bone-to-implant contact [14]. Similarly, animal studies
conducted by Simion and coworkers [17] and Schwarz and
colleagues [18] investigated the potential of PDGF for both
vertical bone regeneration and horizontal bone regenera-
tion, respectively. Both studies have shown greater bone
regeneration when PDGF was used in combination with the
grafting material compared to using the grafting material
alone. Interestingly, in the above-mentioned studies, Simion
et al. tested the effectiveness of three different treatment
groups for vertical bone augmentation: (1) deproteinized
bovine blocks and collagen barrier, (2) deproteinized bovine
blocks with rhPDGF-BB, and (3) deproteinized bovine blocks
with rhPDGF-BB and collagen membrane. Histological and
radiographical analysis demonstrated greater bone formation
when rhPDGF-BB was utilized without collagen membrane,
suggesting that membranes block the migration of bone
forming cells from periosteum into the area of interest.

On the other hand, human studies have corroborated
the promising potential shown in both in vitro and animal
studies [16, 19, 20]. Although FDA only approved PDGF
for treatment of periodontal related defects (e.g., intrabony
defects, furcations, and gingival recessions defect), the effec-
tiveness of this biologic agent for implant related approaches
such as vertical and horizontal bone augmentation [17],
sinus augmentation procedures [21], and ridge preservation
procedures [22] has also been widely studied. Overall, results
show greater bone formation, reduced healing times, and
enhancement in the regeneration process when compared to
control groups.

2.3. Current Understanding. PDFG has been shown to pro-
mote fibroblast, cementoblast, and osteoblast migration and
proliferation into the surgical area. Currently, this agent
is being tested in multiple fields of periodontology from
recession coverage to vertical bone augmentation and the
reconstruction of peri-implant defects. Research and clinical
experience have shown its potential in improving periodontal
regeneration in a variety of clinical scenarios. Nonetheless,
longer and larger studies are still needed to further verify the
long-term effect of PDGF.

3. Enamel Matrix Derivate (EMD)

3.1. Rationale. Enamel Matrix Derivate (EMD) is composed
of different enamel related proteins, beingmainly amelogenin
(90%). It also contains proteins such as enamelin, tufflin, and
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Table 1: Summary of growth factors.

(a)

Agent rhPDGF-BB EMD PRP/PRF FGF-2

Origin Blood platelets Hertwig’s epithelial
root sheath

Platelet alpha
granules

Fibroblast growth
factors family

Composition Protein 90% Amelogenin PDGF, I-LGF, VEGF,
TGF-𝛽 Protein

MOA Mainly chemotaxis
and mitogenesis

Precise MOA still
unknown

Combination of
different MOA of
different growth
factors contained with
the platelet
concentrates

Proliferation PDL
cells
Migration PDL cells
Differentiation PDL
cells
ECM production

Indications/common uses

(i) Intrabony defects
(ii) Furcations
(iii) Gingival
recession defects
(iv) Often used in
combination with
allograft or xenograft

(i) Intrabony defect
(ii) Class II furcation
defects
(iii) Recession
coverage procedures

(i) Recession coverage
procedures
(ii) Barrier membrane

(i) Peri-implant
defects
(ii) Intrabony defects

FDA approval
(i) Intrabony defects
(ii) Furcations
(iii) Gingival
recession

(i) Intrabony defects
(ii) Optimize tissue
height in esthetic zone

Not regulated Not yet approved

Manufacturer GEM 21S
(Osteohealth)

Emdogain
(Straumann)

Multiple machines for
platelet concentrates
fabrications are
available

Not yet commercially
available

(b)

Agent BMP-2 BMP-7 GDF-5 Teriparatide

Origin
Recombinant DNA
biotechnology using
mammalian cells

Recombinant DNA
biotechnology using
mammalian cells

Recombinant DNA
process using
bacterial expression
followed by in vitro
refolding

Recombinant DNA

Composition Bone Morphogenic
Protein-2

Bone Morphogenic
Protein-7

Growth Differential
Factor-5

Parathyroid
hormone’s (PTH) first
34 amino acids

MOA

Increased
proliferation,
mineralization, and
expression of alkaline
phosphatase and
osteocalcin

Increased
proliferation,
mineralization, and
expression of alkaline
phosphatase and
osteocalcin

Increased early
differentiation and
matrix production

Modify proliferation
of mineralized
markers

Indications/common uses

(i) Systemic or
anatomic condition
where successful bone
regeneration cannot
be achieved with
conventional grafts
(ii) No with
demineralized bovine
bone

(i) Systemic or
anatomic condition
where successful bone
regeneration cannot
be achieved with
conventional grafts
(ii) No with
demineralized bovine
bone

Systemic or anatomic
condition where
successful bone
regeneration cannot
be achieved with
conventional grafts

Bone metabolism
disease that can
jeopardize implant
stability and
osseointegration
process

FDA approval Sinus augmentation
Socket preservation

Sinus augmentation
Socket preservation

Sinus augmentation
Socket preservation —

Manufacturer Infuse Bone Graft
(Medtronic Inc.)

Osigraft (Stryker
Biotech Inc.) Scil Technology Inc. Forteo (Eli Lilly Inc.)

MOA: mechanism of action; FDA: Food and Drug Administration.
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ameloblastin, among others [23]. Embryologically, during
root development, enamel matrix proteins are secreted by
Hertwig’s epithelial root sheath, with cementogenesis being
its main function [24]. Although these proteins have shown
favorable outcomes in periodontal regeneration, resulting in
new bone formation, PDL, and cement [25], the exact mech-
anism of action remains unclear. Of particular importance
in periodontology is the commercially available product
(Emdogain, Institut Straumann AG, Basel, Switzerland).This
product is extracted from developing porcine tooth buds.
Recently, it has been demonstrated to induce the prolif-
eration of gingival mesenchymal stem cells and enhance
their osteogenic differentiation in vitro [26]. In an effort to
elucidate its mechanism of action, Schwartz and colleagues
demonstrated that EMD stimulates proliferation of pre-
osteoblasts and differentiation of osteoblast-like cells as well
as proliferation and differentiation of normal osteoblast [27].
In addition, researchers trying to elucidate its mechanism of
action have recently investigated the possible effect of this
product upon gene expression [28].

3.2. Evidence/Indications. The utilization of Emdogain has
been studied in different fields of periodontology, being
mainly intrabony and furcation defects as well as gingival
recession coverage. When examining the efficacy of EMD
for the treatment of intrabony defects, the largest study per-
formed so far concluded that EMD provides beneficial effect
in terms of CAL gain and probing depths reduction when
compared to open flap debridement alone [29]. However,
when compared with GTR, results from recent systematic
reviews found no difference between the two [30]. On the
other hand, for noncontained intrabony defects, it seems
to be a benefit of GTR over EMD alone [31]. Similarly, for
the treatment of class II furcation defects, EMD has been
employed either alone or in combinationwith a variety of dif-
ferent grafting materials reporting different grade of success
[32–34]. With regard to the treatment of recession defects,
EMD has been employed with a great variety of techniques.
In addition, most of the studies agree in the superiority of
CAF + CTG in combination with EMD when compared to
CAF alone [35, 36]. However, when compared with CAF
+ CTG, the results reported in the largest available study
have found no differences [37]. All in all, a systematic review
from the AAP Regeneration Workshop recently concluded
that although all procedures aiming at recession coverage can
provide significant reduction in both recession depth and
CAL gain, the utilization of CTG with different techniques
provides the best outcomes in terms of percentages of root
coverage and increase of keratinized tissue [38].

The utilization of EMD in different areas of the implant
field such as sinus augmentation and treatment of peri-
implantitis defects is currently being investigated [19, 39].

3.3. Current Understanding. At this moment, EMD has been
demonstrated to promote periodontal regeneration to a cer-
tain degree although its true effect remains to be determined.
In addition, EMD has been shown to influence different
genes expressed during bone remodeling (bone resorption

and formation) promoting an anabolic effect [28] as well
as enhancing osteoblast differentiation on titanium surfaces
[40]. Future studies testing the efficacy of this material
promoting guided bone regeneration (GBR) and treatment
of peri-implant defects are needed. Researches are being con-
ducted nowadays, trying to elucidate the exact mechanism of
action behind the effectiveness of EMD.

4. Platelet-Rich Plasma (PRP), Platelet-Rich
Fibrin (PRF), and Leukocyte- and Platelet-
Rich Fibrin (L-PRF)

4.1. Rationale. Derived from megakaryocytes, platelets are
small irregular anucleated cells with a diameter of 2 to 4
micrometers. Platelet average life span ranges from 8 to
12 days and the normal platelets count is defined between
150,000 and 400,000 platelets/microliter. Their key role in
hemostasis and being a natural source of growth factor
make platelets a component of paramount importance during
wound healing. Depending on the processing technique,
different types of platelets concentrates have been described
including but not limited to Platelet-Rich Plasma (PRP), Pure
Platelet-Rich Plasma (P-PRP), Leukocyte- and Platelet-Rich
Plasma (L-PRP), Platelet-Rich Fibrin (PRF), and Leukocyte-
and Platelet-Rich Fibrin (L-PRF). The potential of these
substances as a biologic agent in periodontology relies on
the growth factors stored within platelet alpha granules
containing platelet-derived growth factor (PDGF), vascular
endothelial growth factor (VEGF), insulin-like growth factor
(IGF), platelet-derived angiogenic factor, and transforming
growth factor-beta (TGF-𝛽) [41].

4.2. Evidence/Indications. PRP, PRFG, and L-PRF have been
tested as a substitute for connective tissue [42], as a graft-
ing material in sinus augmentations [43], and as a barrier
membrane for periodontal regeneration [44, 45], among
others. Nonetheless, the effectiveness of the different con-
centrates is difficult to elucidate due to the great variability
in study designs, different regimens of materials used (graft,
membrane, or combination), surgical techniques, and so
forth. Nonetheless, it has been shown to be effective in
different clinical scenarios [42, 43]. However, the results
may not be superior when compared to traditional CTG for
recession coverage [38] or traditional GTR for periodontal
regeneration [45]. On the other hand, the employment of
platelet concentrates in implant and extensive bone grafting
procedures remains to be determined.

4.3. CurrentUnderstanding. At thismoment, platelet-derived
concentrates have been shown to enhance soft tissue healing
which indirectly can create a better environment for bone
growth. However, several different concentrate products are
currently being promoted without total understanding of the
ideal component or concentration for thematerial to have the
best outcome. Some have discussed the mesh that is created
by fibrin as a key component of PRP, probably responsible for
a great part of its properties [46]. Studies in the field are highly
recommended.
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5. Recombinant Human Fibroblast Growth
Factor-2 (rhFGF-2)

5.1. Rationale. Discovered in 1970s as a protein inducing
proliferative activity in fibroblasts, FGF-2 belongs to an
extensive family with more than 20 members with similar
characteristics [47]. Among all the FGFs family, FGF-2 is
the most extensively studied in regenerative medicine and
periodontal tissue regeneration.This protein has been studied
in medicine for treatment of ulcers and bone fractures due to
its potential to facilitate revascularization [47]. Additionally,
in vivo studies have shown that FGF-2 promotes proliferation
of osteoblast accelerating bone formation [48, 49]. Further
animal studies have confirmed that local application of FGF-
2 significantly enhances periodontal regeneration compared
to control sites [50, 51]. Among its effects, FGF-2 has been
shown to promote endothelial cell proliferation [52]. In
addition, FGF-2 possesses a potent angiogenic andmitogenic
activity on mesenchymal cells within PDL [53].

5.2. Evidence/Indications. FGF-2 has not been extensively
studied yet in the field of periodontics. Nonetheless, sev-
eral animal studies have shown that this growth factor is
effective in enhancing the periodontal regeneration process
for class II furcation defects in animal models [50]. For
periodontal regeneration in humans, although histological
results have not been yet investigated, FGF-2 has been shown
to significantly improve the percentage of bone fill compared
to vehicle alone [54]. In the largest available study so far
comparing different concentrations of FGF-2 and a vehicle,
results showed significant superiority of percentage of bone
fill in FGF-2 treated sites at 36 weeks [55]. Consequently,
recent systematic reviews have concluded that although
scarce available evidence suggests that FGF-2 significantly
improves defect fill but it does not have an effect on clinical
attachment level gain [56].

5.3. Current Understanding. At this moment, the effect of
FGF-2 remains to be determined. Future studies should
continue focusing on exploring its efficacy, safety, and proper
dosage for FGF-2 to be effective in different clinical scenarios.

6. Bone Morphogenic Proteins
(BMPs, BMP-2 and BMP-7)

6.1. Rationale. BMPs are members of the transforming
growth factor-beta (TGF-𝛽) superfamily which have demon-
strated high osteoinductive potential [57]. In the periodontics
arena, both BMP-2 and BMP-7 stimulate PDL cell differ-
entiation into osteoblasts and increase expression of miner-
alized tissue markers [58, 59]. Moreover, BMPs have been
demonstrated to downregulate the mineralization process of
cementoblasts. Additionally, their employment in the implant
field relies on BMPs having the properties to modulate
bone formation, contour, and density through endochondral
formation [60] and bone formation by autoinduction [61].
Induction and maintenance of bone formation by the TGF-
𝛽 family of proteins occur in a synergistic and synchronous

way [61] with a wide variety of different proteins acting in the
process [62].

6.2. Evidence/Indications. Its application for periodontal
regeneration led to its use in implant site development (i.e.,
ridge preservation and sinus augmentation). It has to be noted
that, when aiming at the reconstruction of the periodon-
tium, although successful regeneration has been achieved in
intrabony and furcation defects [63], complications such as
ankylosis and root resorption were described [64].

rhBMP-2 (Infuse Bone Graft by Medtronic Inc.) has
recently been approved by the FDA as an alternative to
autologous bone grafting for sinus augmentation and ridge
preservation procedures owing to its osteoinductive potential
[65]. Clinical and histologic outcomes obtained for sinus
augmentation showed similar pattern to autogenous bone
in terms of bone quality and quantity [66]. Nonetheless, if
rhBMP-2 is grafted in combination with autologous bone
it seems to further increase cell activity, osteoid lines, and
vascular supply, which may lead to more predictable results
[66, 67]. On the other hand, Kao et al. showed that when
blending rhBMP-2 with bovine-derived xenogeneic graft
(Bio-Oss, Geistlich Pharma AG, Wolhusen, Switzerland) a
detrimental effect occurs by means of cellular behavior and
vital bone formation. This fact might be explained due to the
enhancement of osteoclast differentiation by the adjustment
of RANKL [68]. Nonetheless, multiple studies have demon-
strated the safety of BMP-2 by lacking of immune response
[66–69].

Additionally, rhBMP-2 has been studied for alveolar ridge
augmentation/preservation. Although in vivo data is very
limited, it was found to be successful in preventing socket
from collapse by minimizing the horizontal bone resorption
[70–72]. In this study, it was also demonstrated that the
dose-dependent effect of the protein of 1.5mg/mL shows
better results than 0.75mg/mL. It has also been shown to
improve the results of sinus bone augmentation when used
alone [73]. In contrast, Kao et al. reported detrimental effects
when adding it into bovine-derived deproteinized bone [68].
It seems that its use is related with moderate signs of local
inflammation that ultimately can jeopardize graft stability
by disrupting primary wound closure. Therefore, although
rhBMP-2 appears to be a promising alternative to autogenous
bone grafts for alveolar ridge/maxillary sinus augmentation,
dose and carrier optimization are being profoundly studied
to expand its efficacy, use, and clinical application [74].

BMP-7 (Osigraft) (Osteogenic Protein-1 [OP-1]) has been
only studied for sinus augmentation. van der Bergh et al.
pioneered its investigation reporting a small sample case
series of this growth factor embedded into a collagen sponge
compared to autogenous graft. While in two subjects bone-
like tissue was found, the third showed a cyst like gran-
ular tissue mass without purulent content [75]. Hence, no
robust conclusion with regard to safety and efficacy could
be reached. Corinaldesi et al. compared the use of rhBMP-
7 + deproteinized bone (0.5 g) versus deproteinized bone
alone (2 g). Results demonstrated no differences in terms of
bone gain. Interestingly, newly formed bone was statistically
greater for the control group (19.9% versus 6.6%) 4 months
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after grafting [76]. Future studies are needed to figure out
the true effect of this specific combination regimen for bone
regeneration.

6.3. Current Understanding. At this moment, BMP-2 rep-
resents a very promising alternative to the so-called “gold
standard” autogenous bone. However, more studies are still
needed to figure out the best carrier as well as to compare
its effectiveness to the popular allogenic human allograft.
The combination usage of BMP with bovine-derived depro-
teinized should be carefully evaluated. In any case, the
induction of bone formation by the TGF-𝛽 proteins is a
cost-effective clinical strategy according to the most recently
published data [61].

7. Teriparatide

7.1. Rationale. Teriparatide consists of parathyroid hormone’s
(PTH) first 34 amino acids. It has been shown to influence
PDL cell survival and to cause osteoblast-like behavior with
increased osteoprotegerin expression [77–79]. As such, the
FDA approved it for the treatment of osteoporosis. Due to its
therapeutic potential, it has been further used in craniofacial
regeneration. In periodontology and implantology, its effect
has been tested in vivo in animal models showing bone
formation in extraction sockets in addition to its effectiveness
in three-dimensional preservation of the alveolar bone [80–
82].

7.2. Evidence/Indications. It has been shown that, with daily
injection of Teriparatide PTH and vitamin D supplement,
a positive treatment outcome (gain clinical attachment lev-
els) was achieved during the surgical treatment of peri-
odontal intrabony defect [83]. Furthermore, this positive
outcome was positively correlated with baseline levels of
1,25-dihydroxyvitamin D3. Kuchler et al. in a feasibility
study found that after a healing period of 9 weeks with
daily injection of Teriparatide (20𝜇g for 28 days), bone-
to-implant contact was indeed higher in the periosteal and
medullary compartment but not the cortical compartment
for the treated group [84]. Nonetheless, bone-volume-per-
tissue-volume did not deviate statistically (was 17.6% versus
15.4% in the control group).

7.3. Current Understanding. At this moment, injected Teri-
paratide PTH showed some positive short-term effect. How-
ever, it does require more long-term studies with larger
sample size. Additionally, delivery route may draw a more
difficult acceptance by patients.

8. Growth Differential Factor-5 (GDF-5)

8.1. Rationale. GDF-5 is another member of the TFG-𝛽
superfamily. For periodontal regeneration, it has been shown,
both in vitro and in vivo, to stimulate PDL cell proliferation,
osteoblast differentiation (early stages), and extracellular
matrix synthesis by both cell types [85]. For implant site
development,GDF-5 has been demonstrated in vivo to induce

bone in ectopic muscle pouches to improve mineralized
tissue formation [86].

8.2. Evidence/Indications. GDF-5 has been approved by FDA
for periodontal regeneration, alveolar bone regeneration, and
sinus augmentation. For periodontal regeneration, it has
been demonstrated to improve clinical attachment level gain
(although not reaching statistical difference) [87]. GDF-5 has
shown similar behavior compared to autologous graft (28%
versus 32%, resp.) when bone formation was assessed at 4
months [88]. Interestingly, higher amount of bone augmen-
tation was found in the composite group of GDF-5 + 𝛽-TCP.
In addition, it has been shown that higher dosage (800𝜇g)
achieved higher amount of bone formation than lower dosage
(400 𝜇g) after 12 weeks in the sinus cavity [89]. Nonetheless
for sinus augmentation information about its effectiveness
is still limited. For lateral ridge augmentation, block grafts
coated with rhGDF-5 achieved similar increase of mineral-
ized tissue when compared to block grafts impregnated with
rhBMP-2. However, when evaluating graft using particulated
bone, sites coated with rhGDF-5 had a significantly lower
mineralized tissue formation at 8 weeks when compared
to grafts coated with rhBMP-2. Moreover, nonmineralized
tissue for both groups revealed high signs of osteocalcin
antigen reactivity [90]. Based on these findings, rhGDF-5
has been shown to possess the potential to enhance bone
formation; however, the outcome may vary with different
carrier [91].

8.3. Current Understanding. At this moment, GDF-5 is a very
promising growth factor for craniofacial regeneration due to
its osteoinductive potential. However, data is still limited to
prove its efficacy and safety in human. Phase II and III clinical
trials are now being carried out to investigate its true effect
in humans. Furthermore, the ideal carrier for delivering this
promising biologic agent remains to be explored.

9. Other Transcription Factors and Regulators

In addition to the previouslymentioned biologic agents, other
critical transcription factors and regulators of osteogenesis as
well as matricellular proteins may become of high interest
in periodontal tissue engineering. Initial studies are being
conducted on the use of Runx2, Osterix (Osx), LIM domain
mineralization protein (LMP) [92], and periostin [93, 94],
among others, with the purpose of regenerating the tooth-
supporting apparatus. Although at a very early stage of these
development, most of these molecules have shown promis-
ing results, such as higher new bone formation, promoted
human PDL cells osteogenesis, and upregulation of alkaline
phosphatase, bone sialoprotein, and BMP2, in vivo [95, 96].

10. Conclusions

The term biologic agent encompasses a variety of different
growth factors and/or signaling molecules with different
origin, mechanisms of action, as well as different targeted
tissues and/or cells in the periodontium. In depth under-
standing of their mechanism of action and indications of
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usage is of paramount importance. While some agents are
still on their infancy, others have obtained FDA approval
for different clinical procedures. Although these biologics
proved to be beneficial in a variety of aspects of periodon-
tal regeneration and bone augmentation procedures, basic
principles of surgery, proper patient, and/or site selection
remain to be essential for predictable clinical outcomes.More
investigation is required to further understand these biologic
agents, providing more information with regard to long-
term effects, proper carrier, and ideal concentration/dosage,
among other confounding factors.
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