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Preface to ”Recent Advances in Coatings of Implant

and Dental Biomaterials”

Recently, the development of coatings of implant and bone surfaces has received a significant

amount of interest. The coating of implants may enhance osseointegration. Moreover, coating the

surface of implants may provide antimicrobial effects. Various methods/techniques can be applied

for coating dental/implant surfaces. Plasma splaying and electrospraying have been developed as

coating methods, and a variety of materials have been applied for surface coatings. Growth factors

have been used, along with bioactive glasses and ceramics. Similarly, bone surfaces have been coated

using various methods to enhance the functionality of the graft material.

Jun-Beom Park

Editor
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Various Coated Barrier Membranes for Better Guided Bone
Regeneration: A Review
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Abstract: A good barrier membrane is one of the important factors for effective guided bone/tissue
regeneration (GBR/GTR) in the case of periodontal bone defects. Several methods are being discussed
to overcome and improve the shortcomings of commercially available membranes. One of the
methods is to coat the membrane with bioactive materials. In this study, 41 studies related to coated
membranes for GBR/GTR published in the last 5 years were reviewed. These studies reported
coating the membrane with various bioactive materials through different techniques to improve
osteogenesis, antimicrobial properties, and physical/mechanical properties. The reported studies
have been classified and discussed based on the purpose of coating. The goal of the most actively
studied research on coating or surface modification of membranes is to improve new bone formation.
For this purpose, calcium phosphate, bioactive glass, polydopamine, osteoinduced drugs, chitosan,
platelet-rich fibrin, enamel matrix derivatives, amelotin, hyaluronic acid, tantalum, and copper were
used as membrane coating materials. The paradigm of barrier membranes is changing from only inert
(or biocompatible) physical barriers to bioactive osteo-immunomodulatory for effective guided bone
and tissue regeneration. However, there is a limitation that there exists only a few clinical studies on
humans to date. Efforts are needed to implement the use of coated membranes from the laboratory
bench to the dental chair unit. Further clinical studies are needed in the patients’ group for long-term
follow-up to confirm the effect of various coating materials.

Keywords: anti-bacterial agents; calcium phosphate; guided tissue regeneration; membranes;
osteogenesis

1. Introduction

Many elderly patients with bone loss and tooth loss owed to periodontal disease visit
the dentist in an aging society [1]. Sufficient alveolar bone regeneration is essential for
successful periodontal treatment or dental implant treatment. However, compared to soft
tissue, bone has a relatively low regeneration potential [2]. In guided bone regeneration
(GBR) or guided tissue regeneration (GTR) treatment, factors such as barrier membranes,
the skillful technique of dentists, healthy patients, and bone materials play an important
role. Among them, the membrane used for GTR/GBR prevents invasion of the soft tissue
into bone defects due to the fast growth rate of fibroblasts outwards and serves to maintain
appropriate space inwards, thereby allowing sufficient time for bone regeneration [2,3].
Therefore, the membrane should have characteristics such as (1) biocompatibility to prevent
soft tissue dehiscence and minimize tissue reactions, (2) space maintenance and structural
integrity, (3) host tissue integration, and (4) an ease of handling during surgery with no
memory [4].

The commercially available membranes that are currently used can be broadly divided
into two types: non-resorbable membranes and resorbable membranes. Representative
examples of non-resorbable membranes include expanded polytetrafluoroethylene (ePTFE)
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and titanium (Ti) mesh. Their advantage is that they have the properties of good intensity
and barrier effects. Especially, the Ti membrane could be deformed to suit various forms of
bone defect and maintain the extensive space because of their high rigidity and plasticity [5].
However, the disadvantages include poor cellular adhesion, slower cellular growth, bone
regeneration, and the need for secondary surgery, which may lead to secondary trauma to
the gum [6,7]. Besides, the exposed non-resorbable membranes easily form a biofilm in the
oral cavity and may experience failure of bone regeneration due to bacterial infection [8,9].
On the contrary, the resorbable membrane has a great advantage as it does not require
secondary surgery for the removal after the regeneration of alveolar bone. In addition, it
has advantages such as good biocompatibility, weak immunogenicity, higher cell adhesion,
and tissue healing properties [10]. Representative resorbable membranes include collagen
membranes made from a bovine or porcine source and biodegradable synthetic polymer
membranes [11]. However, collagen membrane has disadvantages such as insufficient
mechanical properties and a fast degradation speed that is short to maintain sufficient
space for an appropriate time as a barrier [10]. Biodegradable polymer membranes, such
as poly(L-lactide) (PLLA), has advanced mechanical properties but are associated with
inherent shortcomings such as hydrophobicity, poor cellular affinity, and osteoconductive
activity compared to collagen membrane [12].

Therefore, to compensate for these shortcomings and increase bone regeneration,
research on the development of coating or the surface treatment of membranes have been
conducted continuously. The technology of coating continues to develop, especially in
membrane application. Coating of the membrane with various materials can be applied for
GTR applications as bioactive and anti-bacterial purposes [13]. However, there exists only
a few review papers focusing on the coating or surface treatment of barrier membranes. In
this study, we have reviewed barrier membrane coating-related papers published in the last
5 years, investigated the research conducted to date, and seek the direction of development
of coated membranes in the future.

2. Materials and Methods

A literature search was performed in electronic databases, including PubMed, Medline,
OVID, and Web of Science, by using the following keywords: “membranes”, “guided bone
regeneration”, “guided tissue regeneration”, “coated”, and “coating” from 2017 January
to 2022 June. Documents written in English were selected. Sixty-two papers were found
and among them, a total of 41 papers were included in this study, excluding 21 papers not
related to coated membranes or review papers (Figure 1). Based on the selected 41 papers,
we would like to briefly review the membrane coating materials studied so far (Table 1).

Table 1. Summary of included studies on coated barrier membranes.

Improved
Property

Coated
Materials

Resorbable Membrane
Non-Resorbable

Membrane

Collagen Synthetic Polymer SA, Chitosan Mg Mesh Ti Mesh
PTFE, PP,

Nylon

Osteogenesis

CaP, HA, TCP

Chu et al. [14], Dau
et al. [15], Dubus
et al. [16], Yang

et al. [17]

Higuchi et al. [18], Van et al.
[19], Torres-Lagares et al.
[20], Torres-Lagares et al.

[21]

- Byun
et al. [22]

Nguyen
et al. [23] -

Bioactive glass,
SiO2

Chen et al. [2],
Dau et al. [15]

Shi et al. [24],
Torres-Lagares et al. [21],
Terzopoulou et al. [25],

Lian et al. [26],
Castillo-Dalí et al. [27]

- - - -

Polydopamine -

Chen et al. [12], Lee et al.
[28], Hasani-Sadrabadi et al.

[29], Wang et al. [30], Shi
et al. [24], Liu et al. [31]

Xu et al. [32] - - Ejeian et al.
[33]
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Table 1. Cont.

Improved
Property

Coated
Materials

Resorbable Membrane
Non-Resorbable

Membrane

Collagen Synthetic Polymer SA, Chitosan Mg Mesh Ti Mesh
PTFE, PP,

Nylon

Drugs
van Oirschot et al.
[34], van de Ven

et al. [35]

Terzopoulou et al. [25],
Lian et al. [26] - - - -

Chitosan Dubus et al. [16], Porrelli et al. [36] - Guo et al.
[37] - -

PRF, EMD,
AMTN

Kapa et al. [38],
Miron et al. [9],
Ikeda et al. [39]

Ikeda et al. [39] - - - -

HyA Dubus et al. [16],
Silva et al. [40] Van et al. [19] - - - -

Tantalum - Hwang et al. [41] - - - -

Lactoferrin - Lee et al. [28] - - - -

Cuprous oxide - - Xu et al. [32] - - -

Strontium Yang et al. [17] - - - Nguyen
et al. [23] -

Antimicrobial
property

Silver
nanoparticles Chen et al. [42] Porrelli et al. [36],

Wang et al. [30] - - - -

Antibiotic
drugs - Shi et al. [24],

Lian et al. [26] - - Zhao
et al. [43] -

CHX, AMPs - - Boda et al. [44] - - -

Cuprous oxide - - Xu et al. [32] - - -

Physical/
mechanical

property

FN-silk, pectin - - Boda et al. [44] - - Tasiopoulos
et al. [45]

Ti, Mg Choy et al. [46] Zhang et al. [47] - - - -

Graphene
oxide De Marco et al. [48] - - - - -

EGCG Chu et al. [14] - - - - -

Chitosan - - - Guo et al.
[37]

Zhao
et al. [43]

Fernandes
et al. [49]

Polydopamine - Chen et al. [12] - - - -

AMTN Ikeda et al. [39] Ikeda et al. [39] - - - -

No significant
difference

HA - - - Byun
et al. [22] - -

II and PVD
(Mg) - - - Steigmann

et al. [50] - -

APP (Ti) - - - - Toyama
et al. [51] -

Abbreviation: SA, sodium alginate hydrogel composite; Mg, magnesium; Ti, titanium; PTFE, polytetrafluoroethy-
lene; PP, polypropylene; CaP, calcium phosphate; HA, hydroxyapatite; TCP, β-tricalcium phosphate; SiO2, silicon
dioxide; PRF, platelet-rich fibrin; EMD, enamel matrix derivative; AMTN, amelotin; HyA, hyaluronic acid; CHX,
chlorhexidine; AMPs, antimicrobial peptides; FN-silk, recombinant spider silk protein functionalized with a
cell-binding motif from fibronectin; EGCG, epigallocatechin-3-gallate; II, ion implantation; PVD, physical vaper
deposition; APP, atmospheric pressure plasma treatment.
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Figure 1. This is the flow chart of this study.

3. Results

3.1. Improved Osteogenesis

Various interdisciplinary approaches of surface coating have been performed in terms
of biomaterials, drug release, and therapeutic effects [52]. The goal of the most actively
studied research on coating or the surface modification of membranes is to improve new
bone formation. For this purpose, calcium phosphate (CaP), bioactive glass, polydopamine
(PDA), osteoinduced drugs, chitosan, platelet-rich fibrin (PRF), enamel matrix derivatives
(EMT), amelotin (AMTN), hyaluronic acid (HyA), tantalum (Ta), and copper were used as
membrane coating materials.

3.1.1. Calcium Phosphate, Hydroxyapatite, and β-Tricalcium Phosphate

CaP belongs to the family of minerals containing calcium cations (Ca2+) together with
inorganic phosphate anions, which are abundant in native human bone and teeth [53].
CaP is a representative bioactive material [53]. The calcium ion induces the proliferation
and differentiation of human mesenchymal stem cells (MSCs), stimulates osteoblastic
bone synthesis by activating the extracellular signal-regulated kinase 1/2 pathway and
phosphatidylinositol 3-kinase/Akt pathways [53–56]. In addition, phosphate regulates
the proliferation and differentiation of the osteoblasts and increases the expression of
BMPs [53,57,58]. CaP demonstrates osteoconductivity and osteoinductivity characteris-
tics through the above cell signaling pathways as well as good biocompatibility, non-
immunogenicity, and non-inflammatory behavior [59]. CaP has been utilized to improve
bone regeneration in ways such as increasing osteoconductivity for bone ingrowth, enhanc-
ing osteoinductivity for bone mineralization with ion release control, and encapsulating
drugs or growth factors [59,60]. Hydroxyapatite (HA, (Ca5(PO4)3(OH))) and β-tricalcium
phosphate (TCP, (Ca3(PO4)2)) are also included in this family [53]. HA constitutes the
largest amount of inorganic components in human bone [61]. Calcium phosphate has been

4



Coatings 2022, 12, 1059

studied for bone regenerative treatment as a coating material for membrane and dental
implants, and also as a raw material [53].

In 2017, Chu et al. studied nanostructured HA (nanoHA)-coated epigallocatechin-3-
gallate (EGCG) cross-linked collagen membranes [14]. In this in vivo study, nanoHA-coated
and EGCG cross-linked collagen membranes showed the highest bone healing efficacy [14].
Furthermore, due to EGCG, the membrane showed improved mechanical properties, such
as elasticity and thermal stability [14]. In 2019, Nguyen et al. studied strontium (Sr)-
doped CaP-coated Ti mesh membranes. Both Sr- and CaP-coated Ti mesh presented the
highest percentages of bone–mesh contact in the critical bone defect animal model [23]. In
2019, Higuchi et al. used electrospraying or sonocoating methods for nanoHA coating of
Poly(D,L-lactic acid), (PDLLA)/Poly(D,L-lactide-co-glycolide) (PLGA) membranes. In this
study, nanoHA sonocoated polymer membranes showed better cellular metabolic activity
than non-coated control membranes [18].

3.1.2. Bioactive Glass and Silicon Dioxide

The form and application of glass have developed along with the development of
human civilization for thousands of years [62]. Since the late 1960s, various combinations of
bioactive glasses for regenerative medicine have been developed and improved [62]. Due to
the bonding ability of bioactive glasses to both hard and soft tissues, and osteoconductive,
osteoinductive, and angiogenesis properties, the material is considered a third-generation
biomedical material [62–65]. Numerous pieces of research on the bioactive glass coating on
dental implants and membranes are ongoing to enhance bone regeneration and induce fast
tissue bonding [2,27,66,67]. Furthermore, for improved physical, functional, and chemical
properties, the bioactive glasses are incorporated with different ions (e.g., Sr, Cu, Zn, etc.),
osteo-induced drugs (bisphosphonate and dexamethasone), and nanoHA [2,15,21,25,26,68].

In 2018, Chen et al. reported a nanometer-sized bioactive glass Ca2ZnSi2O7-coated
collagen membrane via a pulsed laser deposition coating technique [2]. This study showed
that the expression of osteogenic factors was upregulated and osteogenic differentiation
of bone marrow stem cells was enhanced in the coated membrane group, attributable to
coated nutrient bioactive glass [2]. In 2020, Dau et al. reported SiO2-enhanced nanoHA-
coated collagen membranes via the spin–spray coating method [15]. In this study, SiO2-
enhanced nanoHA-coated collagen membranes showed the fastest and most pronounced
vascularization properties [15]. In 2019, Terzopoulou et al. reported ibandronate-loaded
bioactive glasses-coated poly(ε-caprolactone) (PCL) membrane [25]. In the reported study,
two different synthesized mesoporous bioactive glasses (SiO2-CaO-P2O5 and SiO2-SrO-
P2O5) were loaded with ibandronate and coated on PCL membranes by the spin coating
technique. Both the bioactive glasses demonstrated an increase in hydrophilicity and
bioactivity, especially in the ibandronate-loaded and Sr-substituted bioactive glass-coated
membranes [25].

3.1.3. Polydopamine and Polydopamine Platform with Other Substances

PDA has been known as one of the most efficient universal surface-coating materials
due to its ability to strongly attach to almost all kinds of substrates, since its first report in
2007 [69,70]. PDA has been reported to promote cellular adhesion and mineral deposition
of hydroxyapatite [29,71,72]. In addition, PDA is a good platform for surface tethering
and releasing small molecules for tailoring the functionality of PDA. The target molecules
(polymers, proteins, peptides, and drugs) could be readily immobilized on PDA by ad-layer
formation or one-pot coating technique [73–75].

In 2019, Hasani-Sadrabadi et al. developed biomimetic PDA-coated PCL membranes
via the membrane immersion technique using dopamine hydrochloride to promote adhe-
sion [29]. In this study, the coated PDA layer was identified to accelerate the osteogenic
differentiation of MSCs by promoting hydroxyapatite mineralization [29]. In 2019, Chen
et al. reported that the PDA-coated PLLA membrane improved hydrophilicity, cytocompat-
ibility, tensile properties, and osteogenic activity [12], and the membrane was soaked in
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1.5 times stimulated body fluid for the biomineralization of HA. In this in vitro study, HA
immobilization and PDA coating played a synergistic osteoconductive effect [12]. In 2020,
Ejeian et al. reported in situ crystallization of zeolitic imidazolate framework-8 (ZIF-8) on
the PDA-modified polypropylene (PP) membrane [33]. The ZIF-8/PDA/PP membrane
showed significantly increased osteogenic differentiation of dental pulp stem cells, as well
as increased physical properties. In 2022, Lee et al. reported that lactoferrin immobilized
the PLLA/PCL membrane by using the polydopamine coating technique [28]. Lactoferrin
is known to exhibit biological functional activities such as bone regeneration and anti-
inflammation [28,76,77]. In this study, the lactoferrin–polydopamine-coated PLLA/PCL
membrane showed enhanced osteoinductive and anti-inflammatory activities compared to
only the PDL-coated membrane [28].

3.1.4. Drugs for Osteogenesis: Bisphosphonate with or without Testosterone
and Dexamethasone

As anti-osteoporotic drugs, the bisphosphonates (e.g., alendronate, ibandronate, and
zoledronate, etc.) interfere with the bone turnover process through inactivation of the
osteoclast activity, thereby resulting in reduced bone breakdown [1,34]. The bisphospho-
nates prevent osteoporotic pathologic fractures and improved bone regeneration [34,78].
However, it could also be a causative agent for medication-related osteonecrosis of the
jaw [1]. Testosterone is another important osteoanabolic agent in men, that stimulates the
proliferation of preosteoblasts and the differentiation of osteoblasts [79]. Currently, bis-
phosphonate and testosterone combination therapy has been exploited for the synergistic
stimulation of bone regeneration [34,35]. As a synthetic glucocorticoid, locally delivered
dexamethasone (Dex) showed great osteogenic induction of MSCs [76]. However, the inap-
propriate systemic delivery of glucocorticoids may cause side effects such as hyperglycemia,
immunosuppression, and osteoporosis [76,80].

In 2020, van Oirschot et al., and in 2021, van den Ven et al., reported a testosterone
and alendronate ultrasonic spray-coated collagen membrane by using PLGA 5004A as a
carrier [34,35]. The drug-coated membranes showed superior bone regeneration to the
control group with 124% in the minipig bone defect model and 160% in the rat critical-
size calvarial defect model [34,35]. In 2019, Lian et al. reported dexamethasone-loaded
mesoporous silica nanoparticle-coated PLGA and gelatin composite membranes [26]. In
this in vitro experiment, the coated membrane showed an enhanced osteoinductive capacity
for rat bone marrow stem cells (BMSCs).

3.1.5. Chitosan

Chitosan derived from the deacetylation of chitin derivatives is one of the most impor-
tant natural polymers and has been reported to induce osteogenesis and enhanced tissue
healing [11,81]. It has biocompatible, self-resorbable, antimicrobial, and economical proper-
ties [11]. Though it has poor mechanical properties and a low degradation rate, chitosan
plays a role in improving the biological, physical, mechanical, and antimicrobial properties
of the membranes either alone or in combination with other functional coating materi-
als [36,37,43,49]. Guo et al. reported a chitosan-coated magnesium (Mg) membrane [37].
In this study, chitosan was used to reduce the degradation rate of the Mg membrane and
enhance osteogenic activity. The results showed that the chitosan-coated Mg membrane had
a suitable degradation rate and a higher osteogenic potential [37]. However, mechanical
properties may not be maintained once degradation begins. In 2021, Porrelli et al. reported
that silver nanoparticles (nAgs) stabilized a bioactive lactose-modified chitosan-coated PCL
membrane [36]. The nAgs lactose-modified chitosan-coated membrane showed enhanced
hydrophilic properties, improved osteoblastic adhesion, proliferation, and discouraged
biofilm formation without cytotoxicity [36].

6
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3.1.6. Platelet-Rich Fibrin, Enamel Matrix Derivatives, and Amelotin

PRF, as one of the forms of platelet concentrates, is obtained from the autologous
venous blood in the glass-coated tube after centrifugation at 400 g. The PRF contains
platelets and their byproducts released during platelet activation. These include numerous
growth factors, circulating cytokines, glycoproteins, and fibrin-associated glycan chains
that are crucial factors for tissue regeneration [82]. In 2020, Kapa et al. reported the clinical
study about the treatment with PRF-coated bones and PRF-coated collagen membranes in
sixteen patients with gingival recession due to the loss of alveolar bone and soft gingival
tissue [38]. In the study, twelve out of the sixteen patients achieved complete healing of
gingival recession, and an increase in gingival thickness was observed in all patients [38].

Like PRF, the extract of porcine embryonic enamel matrix termed ‘EMD’ has been
reported to induce mesenchymal cells to mimic the processes of the development of
the tooth and has been broadly used for periodontal regenerative treatment [83]. In
2017, Miron et al. reported the EMD in a liquid carrier system coated with a collagen
membrane [9]. The EMD-coated collagen membrane showed increased cell adhesion,
osteodifferentiation, and mineralization in an in vitro study.

AMTN, an enamel protein expressed by ameloblasts, is known to play an important
role in enamel mineralization [84,85]. Furthermore, the AMTN is known to promote HA
mineralization [86]. In 2022, Ikeda et al. reported a collagen hydrogel incorporated with
rhAMTN (rhAMTN gel)-coated collagen or polyglactin-woven mesh membranes [39]. The
AMTN gel-coated membranes showed accelerated mineralization and adhesion.

3.1.7. Hyaluronic Acid

HyA, a natural linear glycosaminoglycan, is one of the components of the extracellular
matrix, and its presence has been documented in skin, aorta, cartilage, and brain [87]. The
HyA has hygroscopic, viscoelastic, biocompatible, biodegradable, anti-inflammatory, and
bacteriostatic properties [88,89]. Furthermore, it has been reported to induce and enhance
cell proliferation, migration, adhesion, and angiogenesis [90,91]. For its ideal regeneration
properties, HyA has been widely used in the medical field for orthopedic surgery in the
form of intraarticular injection into the osteoarthritic joint and in plastic surgery for dermal
regeneration and soft tissue augmentation [87]. In dentistry, HyA has been applied for the
treatment of osteoarthritic temporomandibular joint disease and periodontitis [40,92,93].

In 2017, Silva et al. reported that a HyA-coated collagen membrane by using the
soaking coating technique did not show a significant difference in new bone formation
compared to the non-coated collagen membrane group in rats [40]. However, other studies
demonstrated that HyA coated with CaP and chitosan into a collagen membrane through a
spraying technique or a HyA- and TCP-modified PCL membrane by the spin-coating tech-
nique showed significantly different results in in vitro experiments [16,19]. Dubus et al. [16]
reported that a HyA-, CaP-, and chitosan-coated collagen membrane enhanced the prolifer-
ation of MSCs and the secretion of cytokines and growth factors. However, further in vivo
studies are needed to confirm the effective role of HyA in bone regeneration.

3.1.8. Other Coating Materials—Tantalum, Copper

Ta is known to increase osteoconductivity by promoting the formation of CaP sur-
face layers and is also known to have superior biocompatibility and mechanical proper-
ties [94–96]. In 2020, Hwang et al. reported a Ta coated-PLA membrane using sputtered Ta
ions using a DC magnetron sputterer to enhance the bioactivity of the PLA membrane [41].
In the reported study, the Ta-coated PLA membrane showed more advanced osteoconduc-
tivity than the uncoated PLA membrane in both in vitro and in vivo experiments.

Copper has been known to have attractive dual functions in regenerative medicine [32,97].
Cuprous oxide (CuO2) nanoparticles have a high efficiency and broad-spectrum antibacte-
rial properties [98]. In addition, Cu2+ has been reported to induce the osteogenic differen-
tiation of BMSCs [97]. In 2020, Xu et al. reported a sodium alginate hydrogel composite
(CTP-SA) doped with cubic CuO2 and PDA-coated titanium dioxide (TiO2) nanoparticles
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for guided tissue regeneration [32]. In this study, CuO2 PDA/TiO2-modified CTP-SA
showed improved antibacterial and osteogenic properties according to dual light con-
trols [32].

3.2. Improved Antimicrobial Properties

Besides the previously mentioned CuO2, nAgs, metronidazole (MNA), doxycycline
(Dox), chlorhexidine (CHX), and antimicrobial peptides (AMPs) have been used to improve
the antimicrobial properties of the membranes [32].

3.2.1. Silver Nanoparticles

Silver is well known to have broad-spectrum antibacterial properties and has been
used in various forms due to its low cytotoxicity [99,100]. Many studies have demonstrated
the important activity of Ag nanoparticles (nAgs) against bacterial biofilms [101–104]. There
exist studies on the promotion of antimicrobial activity using nAg as a coating material for
membranes in the oral cavity [30,36,42]. In 2018, Chen et al. reported nAgs-coated collagen
membranes through sonication coating or the sputtering coating technique [42]. The nAgs-
coated membranes showed excellent antibacterial effects against Staphylococcus aureus and
Pseudomonas aeruginosa, and exhibited advanced anti-inflammatory effects by reducing the
expression and release of inflammatory cytokines [42]. In 2020, Wang et al. reported that
nAgs immobilized a PDA-coated PLLA membrane that showed advanced antibacterial
effects against S. aureus and a good biocompatibility due to low cytotoxicity [30].

3.2.2. Antibiotic Drugs

In 2019, Shi et al. reported an infection-responsive membrane that was esterified MNA-
grafted PDA functionalized with a siloxane-coated PCL membrane [24]. The ester bonds
could be selectively hydrolyzed by cholesterol esterase (CE) secreted by macrophagocytes
accumulated at the site of infection. Thus, the membrane was designed in a manner
that increases the CE concentration due to severe infection leading to the release of a
higher amount of MNA, thereby resulting in an enhanced antibacterial property. In this
study, released MNA due to CE from an MNA-grafted PDA-coated membrane exhibited
antibacterial activity [24].

The other studies reported Dox-coated membranes with enhanced antibacterial ac-
tivities [26,43]. Zhao et al. reported porous chitosan/gelatin/Dox-coated Ti-niobium
membrane [43]. Lian et al. reported a Dox-modified PLGA membrane [26].

3.2.3. Chlorhexidine and Antimicrobial Peptides

In 2020, Boda et al. reported an AMPs- or CHX-loaded oxidized pectin-coated chi-
tosan membrane [44]. The D-enantiomer of GL13K (D-GL13K) derived from the human
salivary parotid secretory protein and the L-enantiomer of innate defense regulator—1018
(IDR-1018)—were used as AMPs. CHX, D-GL13K, and IDR-1018 were coated on the mem-
brane via the co-electrospinning method or the surface absorption method. In this study,
the AMPs-loaded pectin-coated chitosan membrane showed an antimicrobial property that
was comparable to CHX against Streptococci [44].

3.3. Improved Physical/Mechanical Properties

In addition to EGCG, chitosan, PDA, and AMTN, various materials have been employed
to improve the physical and mechanical properties of the membrane [12,14,37,39,43,49].

3.3.1. Recombinant Spider Silk Proteins and Pectin Derivatives for Improved
Cell Adhesion

Natural silk has been applied for dental fields due to the structure and features that
make it biocompatible [105]. Synthetic polymer membranes are inert and biocompatible;
however, they are hydrophobic and less prone to cellular adhesive physical properties [6].
Recombinant spider silk protein not only demonstrates great mechanical characteristics
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such as strength and elasticity but also great biological characteristics such as biocompati-
bility, biodegradability, and improved wetting capacity [106,107]. In 2020, Tasiopoulos et al.
reported recombinant spider silk protein with a cell-binding motif from a fibronectin (FN-
silk)-coated PTFE membrane [45]. In this study, the FN-silk-coated membrane showed
higher cell adherence and proliferation properties in both human keratinocytes from soft
tissue and human osteosarcoma cells from bone [45].

Pectin is structurally and functionally the most complex polysaccharide present in
plant cell walls [108]. Pectin plays important roles in not only mediating plant growth,
morphology, and development, but also in gelling and stabilizing the polymers in various
foods and medicines [108,109]. Boda et al. reported an oxidized pectin-coated chitosan
membrane [44]. The pectin-coated side of the membrane showed a two-fold increase in the
mucoadhesive property to the mucosal mimic porcine esophagus than the non-coated side.
On the contrary, the non-coated side of the chitosan membrane showed a 3–4 fold stronger
adhesion to hard tissue mimicking hydroxyapatite discs than the pectin-coated side [44].

3.3.2. Metal Reinforcement—Titanium and Magnesium

Choy et al. reported a vapor-phase Ti-infiltrated collagen membrane via titanium
oxide atomic layer deposition [46]. The Ti-coated collagen membrane led to enhancement
in both the tensile strength and Young’s modulus compared to the non-coated collagen
membrane. Furthermore, the Ti-coated membrane was retained for a longer time than a
non-coated collagen membrane that was rapidly degraded by up to 90% within 1 week [46].

Zhang et al. reported a Mg core-reinforced PLA membrane to improve the mechanical–
physical properties [47]. The membrane was fabricated by combining two PLA membranes
with a fluoride-coated AZ91 (9 wt% Al, 1 wt% Zn) (FAZ91) Mg alloy core by hot pressing.
Compared to only the PLA membrane control group, the FAZ91—Mg-reinforced PLA
membrane group showed a significantly higher maximum load, stiffness, and faster degra-
dation because FAZ81-Mg promoted the absorption and the degradation of the PLA wrap
but was not too delayed [47].

3.3.3. Graphene Oxide

Graphene is a flat monolayer of carbon atoms that are tightly packed into a 2-dimensional
honeycomb lattice [110]. Due to its solubility in water and biocompatibility, graphene oxide
(GO) has been used as biomaterials [48,111]. De Marco et al. reported a GO-coated collagen
membrane [48]. The GO-coated membrane showed a lower deformability with a higher
stiffness, an increased roughness, and an increase in the total surface that was exposed to
the cells [48].

3.4. No Significant Difference

There exist studies about coated membranes that showed no significant advanced
effect compared to the control group.

In 2017, Byun et al. reported a HA-coated Mg membrane to improve biocompati-
bility [22]. In the result, there were no significant differences or new bone volume, bone
volume fraction, or bone surface density between the HA-coated Mg group and the control
group [22].

In 2020, Steigmann et al. reported an ion implantation (II) and physical vapor depo-
sition (PVD)-treated Mg membrane to improve biocompatibility [50]. In this study, the
PVD-coated membrane demonstrated the absence of a positive influence on the gas cavity
formation and advanced immune response compared to the noncoated Mg membrane. The
authors concluded that a pure Mg membrane represents a promising alternative to the
non-resorbable membrane [50].

In 2020, Toyama et al. reported an atmospheric pressure plasma (APP)-treated Ti
membrane and analyzed its effect on the differentiation of BMSCs [51]. In this study, the
APP-coated Ti membrane was identified to increase cell migration and gene-level expression
of osteogenic markers; however, the suppression of mineralization was observed in an
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in vitro experiment. Furthermore, in the in vivo experiment, the new bone formation was
not significantly different between APP-coated and noncoated Ti membranes [51].

4. Conclusions

The paradigm of the barrier membrane is changing from only inert (or biocompatible)
physical barriers to bioactive osteo-immunomodulatory for effective guided bone and tissue
regeneration. For this purpose, numerous studies on coating various bioactive materials on
the membrane to improve osteogenesis, antimicrobial properties, and physical/mechanical
properties by various techniques have been performed. However, there is a limitation that
there exists only a few clinical studies on humans to date. Efforts are needed to implement
the use of coated membranes from the laboratory bench to the dental chair unit. Further
clinical studies are needed in the patients’ group for long-term follow-up to confirm the
effect of various coating materials.
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Abstract: The presence of satisfactory bone volume is fundamental for the achievement of osseoin-
tegration. This systematic review aims to analyse the use of titanium meshes in guided bone
regeneration in terms of bone gain, survival and success rates of implants, and percentages of ex-
posure. An electronic search was conducted Articles were selected from databases in MEDLINE
(PubMed), SCOPUS, Scielo, and Cochrane Library databases to identify studies in which bone regen-
eration was performed through particulate bone and the use of titanium meshes. Twenty-one studies
were included in the review. In total, 382 patients, 416 titanium meshes, and 709 implants were
evaluated. The average bone gain was 4.3 mm in horizontal width and 4.11 mm in vertical height.
The mesh exposure was highly prevalent (28%). The survival rate of 145 simultaneous implants
was 99.5%; the survival rate of 507 delayed implants was 99%. The success rate of 105 simultaneous
implants was 97%; the success rate of 285 delayed implants was 95.1%. The clinical studies currently
available in the literature have shown the predictability of this technique. It has a high risk of
soft tissue dehiscence and membrane exposure although the optimal management of membrane
exposition permits obtaining a sufficient bone regeneration volume and prevents compromising the
final treatment outcome.

Keywords: titanium mesh; bone graft; guided bone regeneration; ridge augmentation

1. Introduction

Satisfactory bone volume is the first condition for obtaining a predictable long-term
prognosis in oral implantology. However, some patients may present inadequate bone,
which frequently makes difficult the successful outcome of the correct implant placement.
Different techniques have been developed to increase bone volume, but at the present
time, guided bone regeneration (GBR) represents the gold standard in bone regeneration
for implant placement [1,2]. The biological bases of this technique focus on the “PASS”
principles: primary closure, angiogenesis, space maintenance, and blood clot stability [3],
in other words, this technique focus on the mechanical protection of the blood clot and the
isolating of the bone defect, by using a barrier, to facilitate the migration and proliferation
of bone-forming cells and to prevent soft tissue colonization inside the bone defect [1,4].
In the last two decades, several membrane designs have been studied. They can be
divided into two categories: absorbable and non-resorbable, with different physical and
biomaterial properties between them, but all types must have some properties such as
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biocompatibility, tissue integration, space-making, cell selectivity, tissue integration, and
clinical manageability [5,6]. The physical and biomaterial properties of the membranes
will influence the development of their function, as well as the result of the treatment,
therefore, it will be of great importance to know the advantages and disadvantages of each
of them [5,6].

The non-resorbable barriers are expanded and dense forms of titanium-reinforced
polytetrafluoroethylene membranes (e-PTFE and d-PTFE), the titanium foils, and perfo-
rated titanium meshes (preshaped or customized) (Figure 1).

 

(a) (b) 

Figure 1. (a) Custom-made titanium mesh (AVINENT®® Digital Health); (b) Use of Computer-Aided Design (CAD) and
Computer-Aided manufacturing (CAM)to design custom-made devices for guided bone regeneration (GBR).

The biggest disadvantage of these types of membranes is they need to be removed
with a second-stage surgical procedure. Despite this, they offer several advantages such
as, maintaining the space for a sufficient period of time, providing an effective barrier
function in terms of biocompatibility, they are simple to manage and present a reduced
risk of long-term complications [7].

In cases where vertical augmentation is desired, or in the presence of severe bone
atrophy, the use of more resistant and stable membranes is required. To satisfy these
requirements, the e-PTFE membranes were subjected to modifications such as titanium
reinforcement that favoured their properties and predictability, or the use of screws in its
fixation to improve stability [8]. Thus, the titanium mesh appeared to intend to obtain a
balance between the ideal malleability and enough rigidity to accomplish reconstructions
of wide bone defects [9].

In the last 8 years, only three reviews about this subject have been conducted [10–12],
therefore, the main objective was to assess the use of titanium meshes during guided bone
regeneration, the quantity of augmented bone, survival and success rates of implants,
complications, and predictability of this surgical technique.

2. Materials and Methods

The systematic review was reported following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) scale [13]).

2.1. Focused Questions

The following focused questions were formulated:

1. Is the use of titanium mesh in combination with a particulate bone graft (autologous
and/or heterologous) a successful technique regarding the quantity of augmented bone?

2. What is the percentage of membrane exposures?
3. What are the implant survival, success, and failure rate when performing this bone

regeneration technique in simultaneous or delayed implant placement?
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2.2. PICO Question

Bulleted lists look like this:

• P: Patients with partially o total edentulism candidates for GBR.
• I: Bone regeneration through autologous and/or heterologous bone graft and the use

of titanium meshes.
• C: Different grafting materials and techniques.
• O: The success rate of this technique regarding the quantity of augmented bone,

complications, and predictability of this surgical technique.

2.3. Eligibility Criteria

Inclusion criteria: (i) Studies in which a bone regeneration was performed using
particulate bone graft (autologous and/or heterologous) and the use of titanium meshes;
(ii) Clinical trials, cohort studies, and case series; (iii) Published in English or Spanish; (iv)
Minimum 6 months follow-up period.

Exclusion criteria: (i) Studies performed in vitro or on animals; (ii) Systematic reviews,
case reports, and expert opinions; (iii) Studies published before January 2000.

2.4. Information Sources

An electronic search was conducted in MEDLINE (PubMed), SCOPUS, Scielo, and
Cochrane Library databases for articles published between 2000 and 2021. References of
relevant studies selected were also searched to identify articles with potential inclusion.
The last search was performed on 8th January 2021.

2.5. Search Strategy

The following search terms were used:

1. (Titanium mesh [All Fields] AND bone graft [All Fields]).
2. ((Titanium mesh [All Fields] AND (guided bone regeneration [All Fields] OR GBR

[All Fields])).
3. (Titanium mesh [All Fields] AND ridge augmentation [All Fields]).

2.6. Study Selection

All articles were reviewed initially by three experts (R.A.-A., E.R.-M., and B.G.-N.). In
the event of any discrepancies, these were resolved by J.L.-L.

The first phase of the research consisted of the selection of titles, to eliminate those not
concerning our research and eliminate the repeated ones. The second phase consisted of
reading the abstract of each article to evaluate some parameters of inclusion. Finally, the
full text of all studies selected was obtained.

2.7. Data Collection Process and Items

One reviewer R.A.-A., extracted the data from the selected studies, including character-
istics of the study (authors, year of publication, country, and design), sample characteristics
(number of patients, mean ages, and number of sites), surgery characteristics (the type
of defect, type of surgery performed and materials used) and finally, the post-operatory
details and outcomes (follow-up period, percentage of membrane exposures, horizon-
tal/vertical bone regeneration obtained and implant survival, success, and failure rate)
which were synthesized in Table 1 and Table 5. A second author (B.G.-N.) verified all the
information collected.

The implant success rate was evaluated according to Albrektsson et al. criteria [14]: (i)
Absence of subjective complaints such as pain, foreign body sensation, and/or dysesthesia;
(ii) Absence of mobility; (iii) Absence of peri-implant radiolucency and infection with pus
suppuration; (iv) Marginal bone resorption (MBR) not exceeding 1.5 mm after the first year
of loading and up to 0.2 mm yearly thereafter.

17



Coatings 2021, 11, 316

2.8. Risk of Bias in Individual Studies

The methodology of the included randomized clinical trials (RCT) was evaluated
using the Cochrane Collaboration’s risk of bias (RoB 2) tool [15]. The risk of bias for the
non-randomized clinical trials (NRCT), was determined using the non-randomized clinical
trials of Interventions (ROBINS-I) assessment tool [16]. The risk of bias was classified as
“low risk”, “unclear risk”, and “high risk”.

Table 1. Characteristics of the included studies.

Author/Country
Type of
Study

“N”
Mean
Ages

Number
of Sites Type of

Defects
Graft Materials

Second-
Stage

Surgery
(m)

Mesh
Expo-
sure
(%)

Bone Aug-
mentation

(mm)

M F (y) Mx Md MHA MVA

Miyamoto et al.,
2001/Japan [17] Case series 16 25 46 29 21 C, V, S Autologous 6 36 4 8,9

Degidi et al.,
2003/Italy [18] Case series 4 14 47.5 - - - Autologous 4Md

0 - -
6Mx

Proussaefs et al.,
2006/USA [19] Case series 10 7 50.6 17 C Autologous + ABB 50:50 8.47 35.3 3.75 2.56

Pinho et al.,
2006/Brazil [20] RCT 10 46.3

10 - V, H
Test: Autologous

6 50
8.4 1 1.4 1

10 Control: None 8.8 1 1.4 1

Corinaldesi et al.,
2007/Italy [21] NRCT

3 3 49.3 3 3
C

Test: Autologous + BPBM
70:30 8−9 - - 4

4 2 57.7 3 3 Control: Autologous - 4.16

Pieri et al.,
2008/Italy [22]

Prospective
study 7 9 49.6 9 10 C Autologous + ABB 70:30 8−9 5.3 4.16 3.71

Corinaldesi et al.,
2009/Italy [23] Case series 9 15 48.4 27 C Autologous 8−9 14.8 - 4.9

Torres et al.,
2010/Spain [24] RCT

7 9 - 27 16 V, H, C
Test: ABB + PRP

6
0 3.4 4.1

6 8 Control: ABB 28.5 3.1 3.7

Her et al.,
2012/South
Korea [25]

Case series 11 15 51 9 18 C, H
Autologous + ABB

Alloplastic
Autologous+Alloplastic

5.7 26 - -

Lizio et al.,
2014/Italy [26] Case series 2 10 49.1 11 4 C, V Autologous + ABB 70:30 8−9 80 - -

Poli et al.,
2014/Italy [27] Case series 8 5 - 11 2 C Autologous + DBBM 50:50 6 7.68 - -

Sumida et al.,
2014/Japan [28] NRCT

3 10 47 - - - Autologous + CD
6

23.1 - -
4 9 48 Autologous + CMD 7.7 - -

Uehara et al.,
2015/Germany

[29]
Case series 7 14 47.5 11 12 C, V, S Autologous +

Hydroxyapatite 50:50 3−7 70 - -

Zita et al., 2016/
Portugal [30] Case series 15 10 54.3 - - H ABB 3−4 24 3.67 -

Bassi et al.,
2016/Italy [31] Case series 1 9 58 0 10 C, H, V TMAP 6.7 30 8.6 6.1

Ciocca et al.,
2018/Italy [32]

Prospective
study 3 6 50.2 6 5 V Autologous + ABB 50:50 6−8 66.6 -

3.8
Md
3.9
Mx

Cucchi et al.,
2019/Italy [33] RCT 20 52 - - V Autologous + Allograft

50:50 9 21.1 - 4.1

Zhang et al.,
2019/China [34] Case series 12 - 16 0 C ABB 4−8 6.25 3.1 3.61

Atef et al.,
2020/Egypt [35] RCT 10 - - - H Autologous + ABB 50:50 6 40 3.7 -
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Table 1. Cont.

Author/Country
Type of
Study

“N”
Mean
Ages

Number
of Sites Type of

Defects
Graft Materials

Second-
Stage

Surgery
(m)

Mesh
Expo-
sure
(%)

Bone Aug-
mentation

(mm)

M F (y) Mx Md MHA MVA

Malik et al.,
2020/India [36] Case series 12 8 48.7 0 20 V TMAP 6 20 - 4.82

Cucchi et al.,
2020/Italy [37] Case series 5 5 52 5 5 V Autologous + ABB 50:50 6−9 10 - 4.5

Mx: Maxilla; Md: Mandible; MHA: Mean horizontal augmentation; MVA: Mean vertical augmentation C: Combined; H: Horizontal; V:
Vertical; S: Socket; DBBM: Demineralized bovine bone mineral; ABB: Inorganic bovine bone; BPBM: Bovine porous bone protein; TMAP:
Thermoplastic mouldable allograft paste. RCT: Randomized clinical trial; NRCT: Non-randomized clinical trial.1: Referred to vertical and
horizontal bone fill of sockets after tooth extraction; CD: Conventional device; CMD: Custom made device.

3. Results

3.1. Study Selection

A total of 572 articles were identified in the first phase of the research. During the
second phase, 94 articles were considered, and after full-text evaluation 16 studies were
included in the review. Finally, five articles of interest were obtained through manual
research obtaining a total of 21 articles were included in this review [17–37] (Figure 2).

 

Figure 2. Flow diagram of study inclusion.

3.2. Study Methods and Characteristics

Four studies were RCT [20,24,33,35], 2 were NRCT [21,28], 2 were prospective stud-
ies [22,32] and 13 were case series [17–19,23,25–27,29–31,34,36,37] and all of them were
published between 2001 and 2021 (Table 1).

The studies were conducted in nine different countries, the total number of patients in-
cluded was 382 (137 males, 193 females, and 52 non-specified) and a total of 416 titanium meshes.

There were four articles in which the gender was not specified [20,33–35]. The study
with a higher number of patients was Miyamoto et al. (N = 41) [17] while the one with
fewer patients was Ciocca et al. [29] with a total of nine patients. The mean age was 53.4
and four articles did not specify the mean age [24,27,34,35].
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Regarding the characteristics of the surgeries performed, it was quantified the number of
sites, and whether if it was in mandible or maxilla. In five studies, the number of sites was not
specified [18,28,30,34,35], of which 164 sites belong to the maxilla and 129 to the mandible.

In 16 studies the graft material used was autologous bone; in six of them it was
the only material used [17,18,20,21,23,28] (N = 120), and in the other 10 articles, autol-
ogous bone was associated with other graft materials such as inorganic bovine bone
(ABB) [19,22,25,26,32,35,37] (N = 91), thermoplastic mouldable allograft paste (TMAP) [33]
(N = 28), bovine porous bone protein (BPBM) [21] (N = 3), demineralized bovine bone
mineral (DBBM) [27] (N = 13) or Hydroxyapatite [29] (N = 21). There were five studies in
which autologous bone was not used and the regeneration was performed only with the
use of ABB [24,30,34] (N = 67) or TMAP (36,31) (N = 39).

The removal of the mesh and the quantification of bone gains was performed during
the second-stage surgery or also called in most studies as healing period, which was
performed on average at 6.5 months.

3.3. Quality Assessment and Risk of Bias within Studies

The risk of bias of the RCT is presented in Table 2. Three RTCs were considered as
having a low risk of bias even though there were some concerns about the blinding of
participants and researchers [24,33,35] and Atef et al. did not report the blinding of outcome
assessment and selective outcome reporting, potentially introducing selection bias [35].
One study was considered as having a high risk of bias since there were some concerns
about the random sequence generation, the allocation concealment, and the blinding of
participants and researchers [20].

Table 2. Risk of Bias of included randomized clinical trials.

Author
Random
Sequence

Generation

Allocation
Conceal-

ment

Blinding of
Participants and

Researchers

Blinding of
Outcome

Assessment

Incomplete
Outcome

Data

Selective
Outcome
Reporting

Other
Sources
of Bias

Pinho et al.,
2006 [20] ? ? ? L L ? L

Torres et al.,
2010 [21–24] L L ? L L L L

Cucchi et al.,
2019 [33] L L ? L L L L

Atef et al.,
2020 [35] L L ? ? L ? L

L: Low; (?): Unclear; H: High.

Two non-randomized clinical trials were included, and the risk of bias is represented
in Table 3. These two articles were considered as having a low risk of bias but there were
some concerns about potential bias in the classification of interventions [21,28] and also
due to deviations from intended interventions [21].

Table 3. Risk of Bias of included non-randomized clinical trials.

Author
Bias Due to
Confound-

ing

Bias in
Selection of
Participants

into the
Study

Bias in Clas-
sification of

Interven-
tions

Bias due to
Deviations

from
Intended In-
terventions

Bias due to
Missing data

Bias in Mea-
surement of
Outcomes

Overall
Bias

Corinaldesi et al.,
2007 [21] L L ? ? L L L

Sumida et al.,
2015 [28] L L ? L L L L

L: Low; (?): Unclear; H: High.
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(The systematic review was reported following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) scale [13]) with 21 items.

3.4. Characteristics of the Mesh

Different types of meshes were used in the studies, all of them are summarized in Table 4.

Table 4. Characteristics of the meshes used.

Authors Characteristics of the Mesh Used Thickness

Miyamoto et al., 2001 [17] Preshaped titanium mesh (M-TAM, Stryker Leinger GmbH & Co.,
KG, Freiburg ASTM F-67 Jeil Medical Corp., Seoul, Korea) 0.1 and 0.2 mm thick

Degidi et al., 2003 [18] Preshaped micromesh (Cortical Mesh, Micronova, Bologna, Italy) NE

Proussaefs et al., 2006 [19] Preshaped titanium mesh (Osteo-Tram; OsteoMed) 0.2 mm thick

Pinho et al., 2006 [20] Preshaped titanium mesh (Frios Boneshield; DENTSPLY Friadent) NE

Corinaldesi et al., 2007 [21] Preshaped and trimmed titanium micromesh (ACE surgical supply,
Straumann) 0.2 mm thick

Pieri et al., 2008 [22] Preshaped titanium mesh (Modus 1.5 Mesh, Straumann,
Waldenburg, Switzerland) NE

Corinaldesi et al., 2009 [23] Preshaped and trimmed titanium mesh (ACE Titanium Micro Mesh,
ACE Surgical Supply Company; Modus 0.9 Mesh, Medartis) 0.2 mm thick

Torres et al., 2010 [24] Preshaped and trimmed titanium mesh NE

Her et al., 2012 [25] Preshaped and trimmed titanium mesh (Jeil Medical, Seoul,
South Korea) 0.1 mm thick

Lizio et al., 2014 [26] Titanium mesh (ridge-form; OsteoMed) 0.2 mm thick

Poli et al., 2014 [27] Preshaped and trimmed titanium mesh (ridge-form; (KLS Martin,
Tuttlingen, Germany) 0.2 mm thick

Sumida et al., 2014 [28] Custom-made titanium mesh (Ace Surgical SupplyCo., Inc.
Brockton, MA, USA) 0.5 mm thick

Uehara et al., 2015 [29] Preshaped and trimmed microtitanium mesh (Striker-Leibinger,
Freiburg, Germany) 0.1 mm thick

Zita et al., 2016 [30] Titanium mesh (i–Gen, MegaGen, Gyeongbuk, Republic of Korea) NE

Bassi et al., 2016 [31] Titanium foil (grade 4) 0.2 mm thick

Ciocca et al., 2018 [32] Custom-made titanium mesh (Electro Optical Systems,
Munich, Germany) 0.1 mm

Cucchi et al., 2019 [33] Preshaped titaium mesh (Trinon Titanium; Karlsruhe, Germany) NE

Zhang et al., 2019 [34] L-Shaped titanium mesh; Preshaped and trimmed 0.2 mm thick

Atef et al., 2020 [35] Preshaped titanium mesh (Bioinnovation, Brazil) NE

Malik et al., 2020 [36] Preshaped and trimmed titanium mesh NE

Cucchi et al., 2020 [37] Custom-made titanium mesh (3D-Mesh®®, Biotec Srl, Dueville,
Vicenza, Italy)

>0.5 mm thick

NE: Not evaluated.

3.5. Bone Gain

The bone gains were quantified using cone-beam computed tomography (CBCT) im-
ages. In two studies, width bone gain was quantified [30,35], five studies quantified height
bone gain [21,23,33,36,37], six studied both width and height bone gains [17,22,24,29,31,34]
and finally 5 works did not quantify any bone gains after the surgery [18,22,26,27,29]. The
average bone gains were 4.3 mm in horizontal width (range 3.1 mm performed with ABB to
8.6 mm performed with TMAP) and 4.11 mm in vertical height (range 2.56 mm performed
with autologous and ABB 50:50 to 8.9 mm performed only with autologous).
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One study performed GBR after tooth removal, to evaluate the prevention of alveolar
collapse after tooth extraction, using titanium membrane [20].

Four studies evaluated the histologic and histomorphometric outcomes of GBR from
biopsies of the newly regenerated bone [19,21,31,33]. According to Bassi et al. [31], the
histological and histomorphometric analysis of the samples demonstrates the effectiveness
of GBR employing titanium mesh, as a barrier membrane. Cucchi et al. [33] concluded that
the regenerated bone differed from the native bone in terms of trabecular organization, as
well as newly formed bone remained immature and very different from the native bone.
Proussaefs et al. [19] demonstrated 36.47% of bone formation when the titanium mesh was
used in combination with autogenous bone and ABB. Corinaldesi et al. [21] concluded
that BPBM (30%) in combination with the autologous bone (70%) yielded similar bone
formation patterns as autologous bone alone.

3.6. Mesh Exposure

Except for Corinaldesi et al. [21] all the included studies evaluated the mesh exposure
(N = 404), and it proved to be a highly prevalent complication, appearing in 115 cases out
of 404 meshes (28%) (range 0% to 80%). Of these 115 exposed meshes, 25 were removed
due to more severe complications, and 75 were stabilized and controlled through local
hygiene measures.

According to the studies in which the implant was placed simultaneously [18,23,30,33,34]
the mesh exposure rate was 14% (13 out of 87). In contrast, in the cases of guide bone
regeneration (GBR) and delayed implant placement [17,19,21–25,27,29,31,32,37] the mean
mesh exposure rate was 30% (58 out of 187).

3.7. Implant Placement

Apart from performing the alveolar ridge augmentation, there were 16 studies in
which dental implants were placed [18,19,21–25,27,29–34,37] (Table 4). The other five
studies focused on the bone regeneration process without involving implant placement.
The outcomes were studied and summarized in Table 5.

In total, 709 implants were placed and the total prevalence of implant failure in this
review was 0.5% (4 implants were lost). The follow-up time after the implant placement
was on average of 32 months (range 6 to 96).

In five studies, bone augmentation was performed simultaneously with implant place-
ment (N = 145) [18,23,30,33,34], in the other studies, the implant placement was delayed after
7,1 months on average (N = 564) (range 3 to 10 months) [17,19,21–25,27,29,31,32,37].

The implant success rate was assessed considering at least 6 months from the prosthetic
load. The survival rate of 145 simultaneous implants was 99.5%; the survival rate of
507 delayed implants was 99%. The success rate of 105 simultaneous implants was 97%;
the success rate of 285 delayed implants was 95.1%. Proussaefs et al. [19] did not specify
the survival and success rates and Corinaldesi et al. [21], Torres et al. [24], Zita et al. [30],
and Ciocca et al. [32] did not specify the success rate.

The marginal bone resorption (MBR) was evaluated in 6 studies and it was on average
of 0.75 mm [19,22–24,30,31,37] (N = 234). There were no statistically significant differences
between de MBR observed in the simultaneous implants and delayed implants.
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Table 5. Evaluation of characteristics of implant placement.

Author/Country Implant
Placement

Implants Implant
Lost

Bone Loss
(mm)

Success
Rate (%)

Survival
Rate (%)

Follow-up
(m)Mx Md

Miyamoto et al., 2001/Japan [17] After 6 months 89 1 - 94 92.8 47.5

Degidi et al., 2003/Italy [18] Simultaneously 50 0 - 100 100 84

Proussaefs et al., 2006/USA [19] After 9−10
months 36 5 - 0 MBR - - 6

Corinaldesi et al., 2007/Italy [21] After 8−9 months 20 15 0 - - 100 12

Pieri et al., 2008/Italy [22] After 8−9 months 21 23 0 1.36 MBR 93.2 100 12

Corinaldesi et al., 2009/Italy [23] Simultaneously
After 8−9 months

20
36

0
0

1.22 MBR
1.26 MBR 96.4 100 36−96

Torres et al., 2010/Spain [24] After 6 months 97 3 - - 98.6 24

Her et al., 2012/South Korea [25] After 5−7 months 27 41 0 - 100 100 6−24

Poli et al., 2014/Italy [27] After 6 months 16 4 0 1.74 M,
1.91 D 100 100 88

Uehara et al., 2015/Germany [29] After 6 months 64 1 - - 98.4 40

Zita et al., 2016/Portugal [30] Simultaneously 32 8 1 0.43 MBR - 97.5 12

Bassi et al., 2016/Italy [31] After 6−7 months 0 18 0 1.17 MBR 88.2 100 12

Ciocca et al., 2018/Italy [32] After 6−8 months 14 12 0 - - 100 24

Cucchi et al., 2019/Italy [33] Simultaneously 0 19 0 0 MBR 100 100 12

Zhang et al., 2019/China [34] Simultaneously 16 0 0 0.81 V
0.13 H 93.75 100 24

Cucchi et al., 2020/Italy [37] After 6−9 months 14 12 0 0 MBR 100 100 12

M: Mesial; D: Distal; MBR: Marginal bone resorption; V: Vertical; H: Horizontal.

4. Discussion

From the analysis of the recent published articles, few studies concerning GBR using
titanium mesh were published. The present systematic review aimed to evaluate the
results reported in the literature evaluating the following aspects: (a) the success rate of
this technique regarding the quantity of augmented bone; (b) the complications rate by
means of exposure; (c) the implants survival and success rate. The topic was focused on the
presence of the titanium meshes used as a physical barrier for ridge reconstruction in partial
or total edentulism, preventing soft tissue colonization and allowing osteoprogenitor cells
to reach the site and form new bone.

4.1. Bone Gain

The use of non-resorbable titanium meshes allows maintaining the shape between
the barrier and the bone defect. Furthermore, the pores allow to maintain vascularization
both to the soft tissue and to the bone during the regeneration process and facilitates tissue
nutrition [12,38]. Generally, the literature showed that the use of non-resorbable titanium
meshes in GBR represent a safe and predictable technique to gain vertical and/or horizontal
bone augmentation, in the treatment of small and medium-sized defects around dental
implants and prevention of alveolar ridge after tooth extraction [9,20,30,35]. The analysis of
the studies included in the present systematic review corroborates this statement, although
only six included studies quantified both width and height bone gains [17,19,22,24,31,34].
The histological and histomorphometric analysis also demonstrates the effectiveness of
GBR using the titanium mesh, and good capacity of the method to increase bone volume
in the distal mandibular atrophies [19,21,31,33]. On the other hand, other authors like
Uehara et al. [29] appear more doubtful about the success of this technique. According to
their success criteria, only 13 sites were judged as successful with a success rate of 56.6%,
emphasizing that, the greatest success rate was obtained at the sites with a shorter span
of augmentation.
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When comparing the success of this technique with other GBR techniques such as the
use of PTFE membranes, results of bone gain did not differ much. Cucchi et al. [39] found
that the height bone gain was 4.2 (range 2.7 to 5.8) mm when using PTFE and 4.1 (range
2.6 to 6.3) mm when using a titanium mesh. Sagheb et al. [40], found a height bone gain
higher (4.16 and 5.5 mm).

Table 6. Incidence of membrane/barrier exposure in different techniques.

Author Type of Barrier/Membrane Exposure Rate (%)

Rasia dal Polo et al. [10] Titanium mesh 16

Ricci et al. [11] Titanium mesh 22

Briguglio et al. [12] Titanium mesh 52

Wessing et al. [41] Collagen membrane 20

Wessing et al. [41] Cross-linked membrane 28

Ricci et al. [11] d-PTFE 17

Roca-Millan et al. [42] Titanium foils 23

4.2. Mesh Exposure

From the analysis of the complications, the investigation was focused on mesh ex-
posures which was the most usual complication when performing this technique. To
prevent premature exposure of the augmented area, all the analysed studies highlighted
the necessity to mobilize the flaps to obtain a primary wound closure without tensions.
According to the results of this review, the mean rate of mesh exposure was 28%. Other
reviews about membrane/mesh exposure were found in the literature (Table 6).

The prevalence of mesh exposure in the cases of GBR and delayed implant placement
was higher than when simultaneous implant placement. The reason for this higher inci-
dence might be correlated with “free-end” edentulism and severe vertical ridge resorption,
as well as a low number of included cases in the simultaneous placement group.

Some authors propose that to reduce the rate of mesh exposure, consensus proto-
cols are needed, but also more precise customized meshes. Also, the use of resorbable
membranes and PRP to prevent the risk of early dehiscence [18,43,44].

Even though the most frequent complication associated with this device is its exposure,
according to the results of this review, it is worth noting that this event does not necessarily
compromise the final treatment outcome and further complications were avoided using
topical application of chlorhexidine gel [19,25].

Comparing to other types of techniques, Garcia et al. [45] found that when GBR
is associated with collagen membranes or e-PTFE, the exposure of the membrane may
influence bone gain. The sites without exposure achieved 74% more horizontal bone
gain than sites with membrane exposure. In all types of GBR, meticulous soft-tissue
handling is mandatory to obtain flaps without tension over the membranes, in order that
the regenerative tissue can be kept entirely covered. When a titanium mesh is exposed and
the grafted bone had been sufficiently stabilized by newly formed bone, the integrity of
the hole new bone regeneration can be mostly ensured and avoid superinfection. This is
possible due to its pores since they play a crucial role in vascularization of the graft and
allows its hygiene [19,23,25].

4.3. Characteristics of the Mesh

Regarding the thickness of the mesh most currently used is 0.2 mm (range 0.1–0.5 mm),
since it provides sufficient rigidity to maintain space and protect the graft [34,37]. According
to other authors, a titanium mesh should be sufficiently stiff to be able to resist the muscular
tensions and the pressure of the surgical flap, but at the same quite manageable to be
adapted to the bone defect [10–12,30,34,37].
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The external form should be as round as possible to avoid damaging he flap and the
surface as smooth as possible to avoid bacterial colonization or infection [10,12,37]. In most
of the articles, the authors specify the devices were polished and rounded before placed, to
avoid dehiscence and soft tissue ruptures.

4.4. Implant Success and Survival Rates

It has been reported that the survival rates of implants placed in regenerated bone
were similar to those described for implants placed into native bone [44,45]. The implant
survival rate of the included articles of this review was 99.25% and the implant success
rate was 93.35%, similar to other works available in the literature [46,47].

4.5. Limitations

It must be taken into account the heterogeneity in design, data collection methods,
and analyses performed across the included studies. Moreover, the lack of RTCs with a
large sample is observed. Most of the included articles were case series, and some of them
did not report the bone gain obtained.

Despite the differences regarding the surgical protocols (collagen membrane asso-
ciation, different timing of mesh removal, different graft materials) results were similar.
Therefore, it was not easy to identify the most successful surgical technique when a titanium
mesh is used.

Only four studies performed controlled randomization [20,24,33,35], and in one of
them, the implant timing, the follow-up, and survival/success implant rates were not
specified [20].

5. Conclusions

Based on the literature presented, it is possible to assess that the use of a titanium
mesh in combination with autologous and/or heterologous particulate grafts represent a
safe and predictable technique to increase vertical and/or horizontal bone volume in cases
of defects in partially edentulous patients, in the treatment of small and medium-sized
defects around dental implants and alveolar ridge preservation after tooth extraction.

However, the use of titanium meshes presented disadvantages related to the necessity
of the second-stage surgical procedure, with increased patient morbidity and rehabilitation
time. Furthermore, it has a high risk of soft tissue dehiscence and membrane exposure.

The membrane exposure rate of this technique reaches 28% of the cases. The optimal
management of membrane exposition permits obtaining a sufficient bone regeneration
volume and prevents compromising the final treatment outcome.

The implant survival and implant success values are similar to those described for
implants placed into the native bone and when performing other GBR techniques. No
significant differences were observed between the implant survival and implant success
rates between simultaneous and delayed implant placement.

Author Contributions: Conceptualization, R.A.-A. and B.G.-N.; methodology, R.A.-A. and B.G.-N.;
validation, R.A.-A., B.G.-N. and J.L.-L.; formal analysis, R.A.-A.; investigation, R.A.-A. and E.R.-M.;
resources, J.L.-L.; data curation, R.A.-A., E.R.-M. and J.L.-L.; writing—original draft preparation,
R.A.-A. and E.R.-M.; writing—review and editing, R.A.-A.; visualization, B.G.-N. and J.L.-L.; project
administration, A.M.-R., E.V.-O. and J.L.-L.; All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

25



Coatings 2021, 11, 316

References

1. Elgali, I.; Omar, O.; Dahlin, C.; Thomsen, P. Guided bone regeneration: Materials and biological mechanisms revisited. Eur. J.
Oral Sci. 2017, 125, 315–337. [CrossRef]

2. Chiapasco, M.; Casentini, P.; Zaniboni, M. Bone augmentation procedures in implant dentistry. Int. J. Oral Maxillofac. Implant.
2009, 24, 237–259.

3. Wang, H.L.; Boyapati, L. “PASS” principles for predictable bone regeneration. Implant. Dent. 2006, 15, 8–17. [CrossRef]
4. Dahlin, C.; Linde, A.; Gottlow, J.; Nyman, S. Healing of bone defects by guided tissue regeneration. Plast. Reconstr. Surg. 1988, 81,

672–676. [CrossRef] [PubMed]
5. Hämmerle, C.H.; Jung, R.E.; Feloutzis, A. A systematic review of the survival of implants in bone sites augmented with barrier

membranes (guided bone regeneration) in partially edentulous patients. J. Clin. Periodontol. 2002, 29, 226–231. [CrossRef]
[PubMed]

6. Scantlebury, T.V. 1982–1992: A decade of technology development for guided tissue regeneration. J. Periodontol. 1993, 1129–1137.
[CrossRef]

7. Zhang, J.; Xu, Q.; Huang, C.; Mo, A.; Li, J.; Zuo, Y. Biological properties of an anti-bacterial membrane for guided bone
regeneration: An experimental study in rats. Clin. Oral Implant. Res. 2010, 21, 321–327. [CrossRef] [PubMed]

8. Hämmerle, C.H.; Jung, R.E. Bone augmentation by means of barrier membranes. Periodontology 2000 2003, 33, 36–53. [CrossRef]
9. Rakhmatia, Y.D.; Ayukawa, Y.; Furuhashi, A.; Koyano, K. Current barrier membranes: Titanium mesh and other membranes for

guided bone regeneration in dental applications. J. Prosthodont. Res. 2013, 57, 3–14. [CrossRef]
10. Ricci, L.; Perrotti, V.; Ravera, L.; Scarano, A.; Piattelli, A.; Iezzi, G. Rehabilitation of deficient alveolar ridges using titanium grids

before and simultaneously with implant placement: A systematic review. J. Periodontol. 2013, 84, 1234–1242. [CrossRef]
11. Rasia-dal Polo, M.; Poli, P.P.; Rancitelli, D.; Beretta, M.; Maiorana, C. Alveolar ridge reconstruction with titanium meshes: A

systematic review of the literature. Med. Oral Patol. Oral Cir. Buccal 2014, 19, e639–e646. [CrossRef] [PubMed]
12. Briguglio, F.; Falcomatà, D.; Marconcini, S.; Fiorillo, L.; Briguglio, R.; Farronato, D. The Use of Titanium Mesh in Guided Bone

Regeneration: A Systematic Review. Int. J. Dent. 2019, 2019, 9065423. [CrossRef] [PubMed]
13. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. PRISMA Group. Preferred reporting ítems for systematic reviews and

meta-analyses: The PRISMA statement. PLoS Med. 2009, 6, e1000097. [CrossRef]
14. Albrektsson, T.; Zarb, G.; Worthington, P.; Eriksson, A.-R. The long-term efficacy of currently used dental implants: A review and

proposed criteria of success. Int. J. Oral Maxillofac. Implant. 1986, 1, 11–25.
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Abstract: Conventional bioactive ceramic implants possess high osteogenic ability but exhibit poor machin-
ability and brittleness, which limit their wide applications. In this study, we report an elastomeric machin-
able bioactive nanoceramic-based hybrid membrane that is formed by nanohydroxyapatite-reinforced
hybrid matrix (poly(dimethylsilicone)-bioactive glass-poly(caprolactone) (nHA-PBP)) using a modified
sol-gel process. The hybrid matrix is composed of elastomeric polydimethylsiloxane and bioactive
glass nanogel. The effect of the nHA contents (0, 20, 30, 40 and 50 wt%) on the physicochemical
structure and biomineralization activity of PBP hybrid membranes is investigated systematically. The
results show that nHA-PBP hybrid membranes containing more than 20 wt% nHA exhibit the highest
apatite-forming bioactivity due to the optimized hydroxyapatite crystalline phase. NHA-PBP im-
plants with nHA also show good elastomeric mechanical behavior and foldable mechanical properties.
Furthermore, the study of the in vitro cellular biocompatibility suggests that the nHA-PBP hybrid
monoliths can enhance osteoblast (MC3T3-E1) attachment and proliferation. The biomimetic hybrid
composition, crack-free monolith structure, and high biological activity of apatite formation make the
nHA-PBP hybrid membrane a prospective candidate in the application of bone tissue regeneration.

Keywords: bioactive materials; bioactive ceramic; bioactive glass; nanohydroxyapatite; sol-gel process

1. Introduction

Bioactive glass-based biomaterials (BGs) have shown successful applications in bone
tissue repair and regeneration due to their good biocompatibility, osteoconductivity, and
bone-bonding ability when implanted in vivo without any interfaces of fibrous connective
tissue [1–4]. This high bone-bonding ability with living bone tissue is considered to
be highly associated with their bone-like apatite layer formation [5]. Because BG has a
high conductivity and bone bondability, and enhanced bone regeneration potential, the
application of BG-based biomaterials in bone tissue regeneration has widely attracted
attention in recent years [6]. However, pure BG is limited for use in bone tissue engineering
applications due to its inherent brittleness and low flexibility. Furthermore, it is difficult
for BG to form various shapes for improving in vivo applications. Hence, there is a
considerable need to design and fabricate highly bioactive glass-based biomaterials with
tough mechanical properties for bone tissue engineering applications.

As compared with inorganic bioactive glass materials, biopolymers exhibit unique
biological physical and biochemical properties, such as high toughness, electrometric
properties, greater capacity for body fluid absorption, and better gel forming capacity [7].
Hence, it is reasonable to incorporate inorganic nanoparticles into a polymer matrix to
produce nanocomposites with optimized physicochemical properties, such as bioactive
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glass micro-nanoscale particles-poly(caprolactone) (MNBG-PCL) biomaterials [8,9]. Ac-
tually, the addition of bioactive phases significantly improves the mechanical modulus,
biomineralization activity, and biocompatibility in osteoblasts of the PCL matrix [10–12],
but a particle-based inorganic phase is an obstacle to the enhancement of the strength
and toughness of the polymer simultaneously due to its poor interactions [13]. Recently,
molecular-level-based silica-based glass sol was added into a polymer solution to syn-
thesize the bioactive glass–polymer hybrid biomaterials, including BG-PCL, BG-gelatin,
BG-chitosan, and BG-poly(ethylene glycol) [14–16]. In the case of the molecular hybridiza-
tion, the obtained hybrids show the stable mechanical property, biomineralization activity,
and osteoblast biocompatibility. As a result, the development of silica-based hybrid polymer
biomaterials for effective bone tissue regeneration applications is highly promising [17].

In the guiding bone tissue regeneration application, the guiding membrane biomate-
rials are crucial to enhance the tissue repair through preventing the invasion of external
protein and cells [18]. The ideal guiding membrane should be tough, bioactive, and easy-
handling. In our previous work, poly(dimethylsilicone)-bioactive glass-PCL (PBP) hybrid
membranes without fracture were successfully fabricated via a sol-gel process, which ex-
hibited a controlled surface morphology, mechanical property, and biomineralization [10].
There is still much space to improve the apatite-forming ability (biomineralization activity)
and osteoblast biocompatibility of the PBP hybrid membrane. Human bone tissue is a
typical organic–inorganic composite consisting of nano-crystalline hydroxyapatite (nHA)
and collagen polymer. Artificial HA has received more attention as a bioactive ceramic
material in bone replacement and repair applications due to its similar structure and com-
position to natural apatite. It was selected as an inorganic additive for biomimicking.
In addition, some published works suggest that HA supplementation can provide pH
buffers for acid-released production [19–21]. In this regard, incorporating nanoscale HA
into biomaterials may be a promising option for enhancing biomineralization activity and
osteoblastic ability.

In this study, the crack-free nHA-PBP hybrid membranes are prepared via a typical
sol-gel method. The effects of the addition of nanoscale HA (nHA) on the structural prop-
erty and biomineralization activity of the PBP hybrids are also investigated. In addition, the
purpose of this study is to analyze the effects of nHA-PBP hybrid membranes with different
HA loading concentrations on cell attachment to examine the basic biocompatibility of hy-
brid materials. It is anticipated that the incorporation of nHA can significantly improve the
biomineralization and osteoblastic biocompatibility of the nHA-PBP hybrid biomaterials.

2. Experimental

2.1. Materials

Tetraethoxysilane (TEOS, Si(OC2H5)4), calcium nitrite (Ca(NO3)2·4H2O), isopropyl-
alcohol (IPA), tetrahydrofuran (THF), dichloromethane (DCM), and hydrochloric acid (HCl,
35%) were obtained from Guanghua Chemical Factory Co., Ltd. (Guangzhou, China).
Polydimethylsiloxane (PDMS, HO-[Si(CH3)2-O-]nH, Mn = 1100) was provided by Alfa
(Alfa, Ward Hill, MA, USA). Poly(caprolactone) (PCL, (C6H10O2)n) (Mn = 80,000) was
supplied by Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). Nano-hydroxyapatite
(nHA) powder (consisting of loose aggregates of approximately 100 nm crystals) was
purchased from Alfa Aesar (Ward Hill, MA, USA)

2.2. Synthesis of nHA-PBP Hybrid Membrane

The nHA-PBP hybrid membranes were synthesized. Briefly, 10 mL IPA and 20 mL
THF were combined to form co-blended solvents, TEOS (6.5 g) was first dissolved in this
aqueous solution. Thirty minutes later, 1.5 mL of 35% HCL, 12 mL of water, and 2.2 g of
PDMS were added into the solution for completely catalyzation and hydrolyzed reaction
for 30 min. Then, the Ca(NO3)2·4H2O, IPA, and H2O were added to the aforementioned
solution. The generated bioactive PDMS-BG sol was then mixed with the DCM solution of
PCL and further stirred for 30 min. To obtain the nHA-PBP hybrid sol, the predetermined
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containing nHA (0, 20, 30, 40, and 50 wt% relative to the PCL polymer) was added and
vigorously stirred for 20 h. Then, the mixture was poured into the Teflon dishes and dried
at 37 ◦C for 12 h to form the nHA-PBP mixed gel. Finally, after heating the mixed gel at
60 ◦C for 12 h, the nHA-PBP hybrid membranes were obtained.

2.3. Characterization of the Specimens

Scanning electron microscopy (SEM, JSM-6390, JEOL, Tokyo, Japan) was used to
characterize the surface microstructural and morphological properties of samples. The
elemental composition of the samples was evaluated by energy dispersive spectrometry
(EDS, JEOL, Tokyo, Japan). The crystalline phase structure of the hybrid membranes were
studied through Cu Kα radiation measured by X-ray diffraction of radiation, performed
at 40 kV and 30 mA; the scanning speed was 0.02◦/s and the step size was 0.02◦, ranging
from 15◦ to 60◦ (XRD, D/MAX-2400, Rigaku, Tokyo, Japan).

2.4. Mechanical Behavior Assessment of Hybrids

The universal mechanical devices (SHT4206, MTS, Minneapolis, MN, USA) with a
500 N load cell was used to evaluate the tensile mechanical characteristics (tensile strength
and modulus) of hybrid monoliths at a crosshead speed of 50 mm per minute. All samples
with a size of 10 mm × 60 mm were used for the tensile mechanical test. The stress–strain
curves were captured by the additional software of the machine. The tensile modulus
of samples was obtained by determining the slope of the initial linear elastic portion of
stress–strain curves. At least five species were counted in each sample.

2.5. Biomineralization Activity

According to our previous report, the specimens incubated in simulated body fluid
(SBF) for a certain time to determine the biomineralization activity of hybrid membranes [22].
After soaking, the formation of apatite on the surface of the sample was tested. Briefly,
the samples were cut into a size of 10 × 10 × 2 mm3 and incubated in SBF with a similar
composition to human blood plasma (in mM: Ca2+ 2.5, Mg2+ 1.5, Na+ 142, K+ 5.0, SO4

2−
0.5, HPO4

2− 1.0, Cl− 147.8, HCO3
− 4.2). After 7 days of incubation at 37 ◦C, the samples

were taken out of the fluids and washed with deionized water to remove the specimen.
Then, the samples were dried at 40 ◦C for 24 h. Then, the activity of apatite forming on the
surface of the samples was analyzed by SEM, EDS, and XRD.

2.6. Cell Proliferation and Viability of the Hybrid Membranes

The cellular biocompatibility of the hybrid membrane was evaluated by using the
osteoblast cell line (MC3T3-E1). Cells were cultured in a standard Dulbecco’s modified
essential medium (DMEM, Invitrogen) in a humidified atmosphere with 5% CO2 and
supplemented with 10% fetal calf serum (FCS). All samples with a size of 10 mm × 10 mm
were sterilized by ultraviolet (UV) irradiation for 30 min on each side before cell seeding.
MC3T3-E1 cells were seeded on the surface of the hybrid materials at a density of 5000 cells
per well. The cell attachment and morphology were then evaluated with a LIVE/DEAD
viability kit (Molecular Probes) after the 3-day culture. The staining procedure was accord-
ing to the manufacture instruction. The cell morphology was observed with a fluorescence
microscope (IX53, Olympus, Tokyo, Japan).

After the incubation for 1, 3, and 5 days, the cell viability and proliferation were
determined by using a commercial Alamar Blue™ assay kit (Life Technologies). A tissue
culture plate (TCP) was used as a control. The cell metabolic activity after incubation with
an Alamar Blue kit was performed by a microplate reader (Molecular Devices) according
to the instruction book. At least 5 species per sample were analyzed to obtain mean value
and standard deviation (SD).
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2.7. Statistics Analysis

Mean ± standard deviation (SD) indicated all data. The student’s test analysis of
Social Science Statistical Program Software (SPSS 19.0, Inc., Chicago, IL, USA) used to detect
the statistical differences between the groups of measurements. Statistically significant
difference was represented as * p less than 0.05 and ** p less than 0.01.

3. Results and Discussion

3.1. Morphological Measurement

Through the direct hybridization of PDMS-BG sol, PCL solution, and nHA, the nHA-
PBP hybrids were successfully obtained as shown in Figure 1. After thermal casting
and incubation, the crack-free hybrid membrane formed. In the hybrid structure, PDMS
may have a strong interaction with BG sol through the Si-O-Si bonds. Furthermore, the
hydrophobic alkyl chains may have high affinity with the PCL phase. Therefore, the
molecular-level inorganic–organic phase structure of the as-fabricated hybrid membranes
can be facilely formed. In addition, the nanoscale HA particles are efficiently incorporated
into the PBP matrix, which may enhance their surface nanostructure and bioactivity, as
well as the osteoblasts biocompatibility.

 
Figure 1. Process diagram and optical images of crack-free nHA-PBP hybrid monoliths fabricated by
the representative sol-gel route.

Figure 2 reveals the crystalline phase composition and structure of the as-fabricated
nHA-PBP hybrids with various amounts of nHA (0, 20, 30, 40, and 50 wt%) by XRD char-
acterization. In spite of the variations observed in crystallization, one can clearly observe
the XRD peaks at 2θ = 21.88◦ and 2θ = 23.85◦, which are ascribed to the representative
characteristic peaks of the PCL (semi-crystalline polymer). It is also observed that the PCL
peaks significantly decrease in intensity with the increase in nHA content (20–50 wt%).
Furthermore, the appearance and significant enhancement in intensity of the peaks at 32◦,
46◦, and 49◦ demonstrates the presence of nHA in the nHA-PBP hybrids.

The surface microstructures and morphologies of the nHA-PBP hybrid membranes
containing different nHA contents are shown in Figure 3. It can be observed that the
surface roughness of the hybrids increases significantly with the addition of nHA. There
are some joints and protuberances on the surface of these composites, which indicates
that HA nanoparticles are attached to PCL surfaces. The SEM images also show that the
HA particles (particle areas) density increases when the loading concentration increases
(Figure 3C–E). Figure 4 shows EDS spectra of the nHA-PBP hybrid membranes. The results
confirm that calcium (Ca), phosphorous (P), carbon (C), and oxygen (O) are present in
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the matrix. The diagram demonstrates that the chemical composition changes with the
addition of different nHA contents. The Ca and P peaks in intensity significantly rise with
the increase in nHA content. These results reveal that nHA can be effectively crosslinked
and hybridized with the PBP matrix.

 

Figure 2. XRD patterns of the nHA-PBP hybrid membranes with different nHA contents.

Figure 3. Surface microstructures and morphologies of the nHA-PBP hybrid membranes.
(A) 0 wt% nHA, (B) 20 wt% nHA, (C) 30 wt% nHA, (D) 40 wt% nHA, (E) 50 wt% nHA.

 

Figure 4. EDS analysis spectra of the nHA-PBP hybrid membranes. (A) 0 wt% nHA, (B) 20 wt% nHA,
(C) 30 wt% nHA, (D) 40 wt% nHA, (E) 50 wt% nHA.
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3.2. Mechanical Properties Assessment of the nHA-PBP Hybrid Membranes

The tensile tests are used to assess the mechanical properties of nHA-PBP hybrid
membranes, as shown in Figure 5. Figure 5A shows the tensile stress–strain behavior of
nHA-PBP hybrids with varying nHA contents (20, 30, 40 wt%). All samples show represen-
tative stress–strain behaviors in the initial 10% stain range. The ultimate tensile strength of
hybrid membranes decreased from 4.77 ± 0.30 to 2.77 ± 0.25 MPa with increasing nHA
content from 20 to 40 wt% (Figure 5B). The Young’s modulus of nHA-PBP 20 wt% hybrids
indicated a high value of 87.94 ± 1.32 MPa as compared to the 59.58 ± 2.54 of 40 wt%
(Figure 5C). The failure stress showed a similar tendency to change with ultimate tensile
strength for nHA-PBP from 20 to 40 wt% (Figure 5D). The results show that increasing the
amount of nHA in the nHA-PBP hybrids reduced flexural strength. When the nHA content
is high, the nHA may not be hybridized well with the polymer phase, and the uniform
structure may induce the decrease in flexural strength. Since nHA has poor mechanical
properties, its utilization is limited to clinical load bearing applications. To make nHA-
PBP hybrid materials play an important role in bone regeneration, some weaknesses of
each component need to be improved in order to provide excellent quality and interfacial
attachment of new bone tissue.

 
Figure 5. Mechanical properties assessment of nHA-PBP hybrid membranes with different nHA con-
tents. (A) Stress–strain behavior; (B) Ultimate tensile strength; (C) Young’s modulus; (D) Elongation
at break.

3.3. Biomineralization Activity of the nHA-PBP Hybrid Membranes

Considering that the biomineralization activity critically influences the biomaterials
in bone tissue regeneration, here, the bioactivity of the nHA-PBP hybrid membranes for
in vitro apatite forming is assessed by immersion in SBF for 7 days. As shown in Figure 6,
the apatite formation capability of the hybrid membranes is significantly affected by the
nHA contents. As one can see in Figure 6, the surface of the nHA-PBP hybrid membranes
shows new apatite layers relative to the specimens before incubation in SBF (in Figure 3).
That is, the mineral is deposited and aggregated in the form of a globular accumulation
on the surface of the sample with 0 wt% nHA of the nHA-PBP hybrid membranes as
in Figure 6A,B. When the additive of nHA increases to 20 wt% and 30 wt%, the nHA-
PBP is covered with densely spherically shaped particles as seen in Figure 6C–F. With
the nHA content increasing, the surface morphology of the as-formed hydroxyapatite
nanocrystals changes considerably. In addition, it progressively shows needle-like or rod-
like characteristics in shape, as shown in Figure 6H,J, showing typical biomineralization
characteristics only for bioactive glass materials.
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Figure 6. Surface morphologies of the nHA-PBP hybrid membranes with different nHA contents
after biomineralization in SBF for 7 days. (A,B) 0 wt% nHA, (C,D) 20 wt% nHA, (E,F) 30 wt% nHA,
(G,H) 40 wt% nHA, (I,J) 50 wt% nHA.

Figure 7 shows the EDS spectra of the nHA-PBP hybrid membranes with various
nHA contents after being immersed into SBF for 7 days. It can be seen that, compared
to the EDS of the hybrid membrane before being soaked, immersion into SBF leads to
the formation of the hydroxyapatite. As the nHA content increases, the formation of
hydroxyapatite increases, which is accordant with the published literature. In addition,
EDS of the hybrid membrane with the addition of 20 wt% nHA, after being soaked in
SBF, shows a significant decrease in the calcium content, indicating a biological apatite
formation with a calcium-deficient characteristic [23].

 

Figure 7. Elemental compositions of the nHA-PBP hybrid membranes with different nHA contents
after biomineralization in SBF for 7 days. (A) 0 wt% (B) 20 wt%; (C) 30 wt%; (D) 40 wt%; (E) 50 wt%.
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Figure 8 shows the XRD patterns of the hybrid membranes containing different nHA
contents and after the 7 days of incubation in SBF, which are employed to investigate the
structure of the crystalline phase property of the new forming apatite layer on the hybrid
membrane surface. These results indicate that several characteristic peaks are related
to crystalline hydroxyapatite. It is also clear to see that the peaks referring to PCL at
2θ = 21.88◦ and 2θ = 23.85◦ are significantly weakened in intensity after 7 days of soaking
in SBF, which implies the newly mineralized apatite layer forming on the specimens film.
The XRD diffraction peaks at 32◦, 39◦, 46◦, and 49◦ for the hybrids with the addition of
20–50 wt% of nHA correspond to the crystal planes of (211), (310), (222), and (213) of the
HA (JCPDS No. 09-0432) [21]. It should be noted that the characteristic peaks of HA are not
obvious for the pure PBP hybrid. Clearly, these SEM, EDS, and XRD results demonstrate
that the nHA incorporation can remarkably increase the capability for biomineralization in
the nHA-PBP hybrid membranes.

 
Figure 8. XRD patterns of the nHA-PBP hybrid membranes with different nHA contents after
biomineralization in SBF for 7 days. Representative diffraction peaks of hydroxyapatite were marked
in the patterns.

3.4. Osteoblasts Biocompatibility Assessment of the nHA-PBP Hybrid Membranes

Figure 9 shows the cell attachment and proliferation activity of the osteoblast line
(MC3T3-E1) after culturing for 1, 3, and 5 days on the surface of the hybrid membranes. The
cells show normal attachment and spreading morphology on the surface of the PBP hybrid
membrane, as shown in Figure 9A. While for the nHA-PBP 20 wt% (in Figure 9B) and the
nHA-PBP 50 wt% (in Figure 9C) after being cultured for 5 days, there are no significant dead
cells observed on the surface of these samples, demonstrating their good cell attachment
ability. There are high cell numbers on the surfaces of the hybrid membrane with the
incorporation of 20 wt% and 50 wt% nHA compared to the pure PBP hybrid membrane,
further suggesting their enhanced cellular biocompatibility. In addition, the cell viability on
the PCL and the nHA-PBP hybrid membranes significantly increases as the culture period
extends from 1 day to 5 days, which indicates that the as-fabricated hybrid membranes can
support the osteoblast proliferation, as seen in Figure 9D. Compared to the PBP control, the
osteoblast presents significantly high cell viability after incubating with the nHA-PBP (20%
and 50%) for 5 day culture periods. The cell viability is significantly improved as the nHA
incorporation increases. These results demonstrate that our nHA-PBP hybrid membranes
possess a good osteoblast biocompatibility and the incorporation of nHA can efficiently
improve the osteoblast activity of the PBP hybrid membranes.
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.
Figure 9. Osteoblasts biocompatibility investigation of the nHA-PBP hybrid membranes with dif-
ferent nHA contents (20 wt% and 50 wt% nHA). MC3T3-E1 cell attachment morphology at 3 days
((A), 0 wt%, (B), 20 wt% and (C), 50 wt% nHA) and proliferation activity after 1–5 days of culture
(D). * p < 0.05 and ** p < 0.01 represent the significance differences between groups (n = 5).

In our previous work, the crack-free PBP hybrid membrane was successfully prepared
by a conventional sol-gel method, which developed the functional hybrid membranes
by incorporating HA particles into PBP sol. The relation between the hybrid properties
and apatite-forming bioactivity was investigated, as well as attachment and proliferation
in vitro. As one knows, PDMS is well compatible with silicon-based sol phase because
it has a typical Si-O-Si skeleton chain and side chain, which induces a strong interaction
with the hydrophobic PCL polymer. However, the biomineralization capability and bio-
compatibility of osteoblasts with the materials still need further improvement. Due to
its highly biomimetic chemical structure and composition, HA is a typical bioactive ce-
ramic and was successfully used in bone regeneration. The SEM results show that the
HA particles can be uniformly dispersed into the PCL matrix. As a result, in this material
system, it is easy to form a homogeneous inorganic–organic hybrid structure. The additive
of nHA significantly enhances the biomineralization activity (apatite-forming ability) of the
PBP hybrid membranes, as previously reported [24–26]. It is known that MC3T3-E1 cells
have different reactions to changes in hybrid surface properties. The surface roughness
of these two samples (i.e., 0 wt% and 20 wt% of the nHA) was not significantly different
(Figure 3A,B), the number of attached cells on nHA 20 wt% was slightly higher than that
of the nHA 0 wt%. This suggests that MC3T3-E1 cells prefer HA-containing samples to
adhesion and proliferation. One possible explanation is that HA exists on a composite
surface, resulting in more permanent interaction with adsorbed protein. It is absorbed by
serums and proteins in the culture medium, or the protein is absorbed by the cell itself. It is
also apparent that the cells are distributed more evenly on the nHA-PBP hybrid membrane
surface (Figure 9B,C), which further suggests that HA favors the uniform distribution of
adsorbed proteins. The addition of nHA also greatly enhances the osteoblasts biocompati-
bility of the as-fabricated PBP hybrid membranes. In addition, these results match earlier
studies that reported the important role of nHA in polymer nanocomposites [27–29].

In bone tissue regeneration applications, the ideal biomaterials should be facilely syn-
thesized and have high bioactivities, including biomineralization activity, for bone-bonding
and osteoblast biocompatibility for regeneration. However, the PBP hybrid membrane
needs a long processing time (more than 72 h), which is unfavorable for large-scale produc-
tion and, thereby, limits applications. Based on the requirement for reducing the processing
time and enhancing biomineralization activity and osteoblast biocompatibility, the present
new developed nHA-PBP hybrid membranes may have promising applications in future
bone tissue regeneration.
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4. Conclusions

To sum up, highly bioactive and crack-free nHA-PBP hybrid membrane ingredients
were successfully prepared via the conventional sol-gel method. Results indicate that
adding HA can significantly improve the surface roughness and biomineralization activity
of hybrid membranes. The nHA-PBP hybrid membranes after being soaked in SBF can
easily induce a crystalline apatite layer on the surface, indicating their excellent biomin-
eralization activity. The optimized nHA-PBP hybrids also show significantly enhanced
osteoblast biocompatibility. The hybrids containing 20 wt% nHA show an optimized elastic
modulus and toughness. The crack-free structure, short processing time, and high bioac-
tivity of the production of hydroxyapatite formation and biomimetic hybrid composition
make the as-fabricated nHA-PBP hybrid membrane a desired candidate as a guidance
membrane for future applications in biomedical materials.
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Abstract: Bacterial adhesion to surfaces is the first step in biofilm formation, which leads to the
development of conditions that may compromise the health status of patients. Surface modification
has been proposed to reduce bacterial adhesion to biomaterials. The objective of this work was to
assess and compare Streptococcus mutans adhesion to the surface of biomimetically-modified stainless
steel using different topographies. Stainless steel plates were modified using a soft lithography
technique following a biomimetic approach. The leaves from Colocasia esculenta, Crocosmia aurea
and Salvinia molesta were used as surface models. Silica sol was synthesized using the sol-gel
method. Following a soft lithography technique, the surface of the leaves were transferred to the
surface of the SS plates. Natural and modified surfaces were characterized by means of atomic force
microscopy and contact angle. Streptococcus mutans was used to assess bacterial adhesion. Contact
angle measurements showed that natural leaves are highly hydrophobic, but such hydrophobicity
could not be transferred to the metallic plates. Roughness varied among the leaves and increased
after transference for C. esculenta and decreased for C. aurea. In general, two of the surface models
used in this investigation showed positive results for reduction of bacterial adhesion (C. aurea and
C. esculenta), while the other showed an increase in bacterial adhesion (S. molesta). Therefore, since a
biomimetic approach using natural surfaces showed opposite results, careful selection of the surface
model needs to be taken into consideration.

Keywords: surface topography; bacterial adhesion; biomimetics; soft lithography; surface modification

1. Introduction

Stainless steel (SS) is a biomaterial that is highly used to manufacture devices that
will be in close contact with human tissues for extended periods of time [1–3]. In the field
of dentistry, particularly in orthodontics, SS is immensely used to fabricate appliances
and devices, such as archwires and brackets, due to its outstanding anticorrosive proper-
ties [4–6]. However, since such devices are located within the oral cavity, they are highly
susceptible to bacterial adhesion and biofilm formation due to the surface properties of
this biomaterial [7–10].

Surface roughness and hydrophobicity are two of the most relevant properties in-
volved in the process of bacterial adhesion and biofilm formation. Surface roughness
promotes bacterial adhesion [11] and surface hydrophobicity allows bacterial species to
adhere, colonize and grow on a surface [11,12]. Bacterial adhesion to such devices is
favored by the fact that SS may have a rough surface; this adhesion will eventually lead
to the formation of a mature biofilm that has the potential to cause harmful conditions to
surrounding natural tissues, such as dental caries or gingivitis [13,14].

Coatings 2021, 11, 829. https://doi.org/10.3390/coatings11070829 https://www.mdpi.com/journal/coatings41



Coatings 2021, 11, 829

Different approaches, especially oral hygiene-related procedures, have been investi-
gated over the years to reduce bacterial adhesion to natural and artificial surfaces [15–17].
Nonetheless, these methods have proven insufficient. An additional approach, known as
surface modification, has been reported in the scientific literature in recent years. Surface
modification is a vast field that includes many different chemical [18,19] and physical
techniques. Topographic modifications at micro and nanometric scales is one of such
physical approaches [20].

Physical surface modification techniques are divided into two large areas: top-down
techniques, in which nano or microstructures are created from larger structures, and
bottom-up techniques, in which larger structures are created from smaller elements [21,22].
Soft lithography belongs to the former and is a set of techniques based on self-assembly
and replica molding to create micro and nano structures on the surface of materials [22,23].
Soft lithography is based upon copying and transferring the topography of a master model,
which has been traditionally created using photolithography [23], to another surface.
However, nature has shown, over thousands of years, that an enormous number of master
models are readily available to be used for human strategies. Such inspiration in natural
models is known as biomimetics [24,25]. Modified surfaces inspired by animal sources have
been previously investigated [24,26], but botanical products have been scarcely used as
models to modify the surface of biomaterials. Natural vegetal products, such as the leaves
from Taro (Colocasia esculenta), Montbretia (Crocosmia aurea) and Giant salvinia (Salvinia
molesta) display particular surface features, including water repellency and self-cleaning
abilities, that may be interesting when considering using natural surfaces as models for
surface modification [23].

Surface modification to reduce bacterial adhesion has been studied and reported
in the scientific literature over the last years. Different authors have demonstrated that
bacterial adhesion is reduced to physically modified surfaces [27,28]. Biomimetics has
served as inspiration to other authors to emulate natural patterns, like the shark skin, and
transfer them to the surface of biomaterials [29], while other investigations have shown
that the topography of natural leaves reduces bacterial adhesion on SS and titanium alloy
orthodontic wires [30]. However, even though the reported results are highly promising,
information on using botanical sources as models to modify the surface of biomaterials is
scarce and only a few plants or leaves have been reported.

Therefore, the objective of this work was to modify the surface of SS plates using the
topography from three natural leaves and compare the adhesion of Streptococcus mutans to
such modified surfaces.

2. Materials and Methods

2.1. Substrates

Stainless steel 316L (SS316L) plates (Onlinemetals.com, Seattle, WA, USA) with di-
mensions of 1.0 cm × 1.0 cm × 1.0 mm were used. Plates were sequentially polished using
silicon carbide abrasive papers (400–1200 grit, Abracol, Colombia) and a mirror-like surface
was obtained using diamond paste (0.5 μm, Leco Corporation, St. Joseph, MI, USA). SS
plates were then sequentially cleaned in an ultrasonic bath using 99.8% acetone (Merck
Millipore, Burlington, MA, USA), distilled water (Protokimica, Medellin, Colombia) and
99% ethanol (Merck Millipore, Burlington, MA, USA). Plates were allowed to dry in air
and were divided into four groups, one of them regarded as the control group (polished
SS 316L).

2.2. Master Model

The lamina of the leaves from Taro (Colocasia esculenta), Montbretia (Crocosmia aurea)
and Giant salvinia (Salvinia molesta) were used to fabricate the master models. Such leaves
were selected because they show high hydrophobicity and self-cleaning properties at
simple observation without technical equipment.

42



Coatings 2021, 11, 829

2.3. Sol-Gel Synthesis

Silica sol was synthesized following the one-stage sol-gel method [31]. Tetraethy-
lorthosilicate (TEOS) and methyltrietoxysilane (MTES) (ABCR GmbH & Co., Karlsruhe,
Germany) were used as silica precursors, 0.1 N nitric acid (Merck Millipore, Burlington,
MA, USA) and acetic acid (glacial, 100% v/v, Merck Millipore, Burlington, MA, USA) were
used as catalyzers and absolute ethanol (99.9% v/v, Merck Millipore, Burlington, MA, USA)
was used as solvent. Final silica concentration was 18 g·L−1. The sol was synthesized in a
thermostatic bath at 40 ◦C under constant stirring at 300 rpm for 3 h. It was stored at 4 ◦C
for 24 h before using.

2.4. Soft Lithography

For the three experimental groups, the corresponding natural leaves were cut in 5.0 cm-
diameter segments. These fragments were located at the bottom of silicone containers
with the lamina of the leaf facing upward. Polydimethylsiloxane (PDMS, Silastic T-2,
Dow Corning Corporation, Midland, MI, USA) was used to duplicate the topography of
each leaf. To obtain the stamp, PDMS was prepared according to the manufacturer and
was poured to cover each fragment. Polymerization for 24 h was allowed, followed by
further heat treatment at 80 ◦C for 3 h to finish the process. PDMS stamps containing the
topography from each leaf were obtained. To transfer the topography from each stamp to
the corresponding SS 316L plate, a drop of 7 μL of silica sol was placed on the SS surface,
the stamp was placed on top of the drop and gentle pressure was applied to distribute the
sol throughout the surface. Gelation was allowed for 4 h at RT and then the stamp was
removed. The plates from the experimental groups were subjected to heat treatment at
450 ◦C for 30 min. After this procedure, three experimental groups were obtained (one
group per topography).

2.5. Surface Characterization

The natural leaves, polished SS 316L plates and transferred plates from the three exper-
imental groups were characterized by means of atomic force microscopy (AFM, Nanosurf
Easyscan 2, Nanosurf AG, Liestal, Switzerland), to determine the surface roughness, and
contact angle (CA) method to assess surface hydrophobicity. For AFM acquisition, a
NCLR tip (Nanosensors™, Neuchâtel, Switzerland) in tapping mode at a constant force of
48 N/m was used. AFM images were processed using AxioVision software (V 4.9.1.0, Carl
Zeiss Microscopy GmbH, Jena, Germany), Image J software (1.51 J, Laboratory for Optical
and Computational Instrumentation, University of Winsconsin, Madison, WI, USA) [32]
and WSxM software (5.0, Nanotec Electronic and New Microscopy Laboratory, Madrid,
Spain) [33]. 10 AFM images of 50 × 50 μm2 per group were used to obtain the arithmetic
average of the roughness profile (Ra) using the Gwyddion software (2.34, Department
of Nanometrology, Czech Metrology Institute, Brno, Czech Republic). For surface hy-
drophobicity, the sessile drop method was used on 10 plates from each group. A camera
(Canon EOS Rebel XS, Tokyo, Japan) and a macro lens (105 mm F2.8 EX DG OS, Sigma,
Ronkonkoma, NY, USA) were used to obtain the images and the angle values were obtained
using software AxioVision (V. 4.9.1.0).

2.6. Bacterial Adhesion Test

Streptococcus mutans (ATCC 25175, Microbiologics, St. Cloud, MN, USA) was used to
assess bacterial adhesion to control and experimental surfaces following a previously vali-
dated protocol [30,34]. S. mutans was grown in Brain Heart Infusion (BHI) agar (Scharlab
S.L., Barcelona, Spain) supplemented with 0.2 U/mL bacitracin (Sigma Fluka, St. Louis,
MO, USA) followed by incubation for 24 h at 37 ± 1 ◦C. Then, S. mutans was cultured in
peptone water for 24 h at 37 ± 1 ◦C. The bacterial suspension was centrifuged at 5000× g
for 15 min, supernatant was discarded and the bacterial pellet was re-suspended in peptone
water at 107 CFU/mL by measuring the nephelometric turbidity unit (NTU) (based on
a calibration curve of NTU vs. CFU/mL). 15 plates from control and each experimental
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group were used for bacterial adhesion tests. Each plate from each group was placed at
the bottom of the well of a 24-well non-treated polystyrene plate (Costar, Corning Inc.,
NY, USA) and 500 μL of the bacterial solution was added to cover each SS 316L plate.
Polystyrene plates were incubated for 8 h at 37 ± 1 ◦C to allow bacterial adhesion. After
this time, experimental and control plates were carefully rinsed three times with 0.9%
saline solution (Corpaul, Medellin, Colombia) to remove non-adherent bacterial cells. Then,
each sample was subjected to sonication (Qsonica 125, Newtown, CT, USA) at 50% power
for 3 sec to quantify viable adherent bacteria. Sonicated solutions were serially diluted
and 10 μL were cultured in BHI agar, by triplicate, following the drop plate method [35].
Culture plates were incubated for 48 h at 37 ± 1 ◦C and then Colony Forming Units (CFU)
were counted.

2.7. Statistical Analyses

Comparative analysis of roughness for the natural leaves was performed by the
Student’s t-test for independent variables (results from S. molesta were excluded). Hy-
drophobicity results were compared using the Kruskal-Wallis H test and post-hoc analysis
with the Mann Whitney U test and Bonferroni correction. Comparison of hydrophobicity
and bacterial adhesion among transferred plates was performed by the one-factor Anova
test and multiple comparisons through the Tukey’s HSD test. Roughness results among
transferred plates were compared using the Kruskal-Wallis H test and post-hoc analysis
with the Mann Whitney U test and Bonferroni correction. Bivariate analysis tests were
performed after previous verification of compliance with the assumptions of normality
and homoscedasticity of the variances through the statistics of Shapiro Wilk and Levene,
respectively. Values of p < 0.05 were considered statistically significant. Software SPSS (V.
25) was used for statistical analyses.

3. Results

3.1. Surface Characterization of Natural Leaves

Figure 1 shows AFM images of the polished SS 316L control plate and C. esculenta
and C. aurea natural leaves. AFM images of S. molesta could not be obtained due to the
topographical features on the surface of the leaf, which prevented the tip from making
close contact with the surface.

Figure 1. AFM images of a polished SS 316L (control) plate, C. esculenta and C. aurea leaves.

Contact angle measurements from the three natural leaves exhibited high hydropho-
bicity (contact angle > 120◦). The most hydrophobic leaf was S. molesta, followed by C. aurea
and C. esculenta (Figure 2). The differences were statistically significant (p < 0.001).
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Figure 2. Contact angle measurements of control (SS 316L) surface and natural leaves.

As for roughness of the natural leaves, C. aurea showed higher roughness than
C. esculenta and the difference was statistically significant (p < 0.001, Figure 3). As already
mentioned, roughness of S. molesta could not be determined by AFM.

Figure 3. Average roughness of control (SS 316L) surface and natural leaves.

3.2. Surface Characterization of Modified and Control Surfaces

Regarding surface hydrophobicity of the transferred surfaces, CA measurements from
plates modified with the different topographies showed higher values than the control
surface. The highest CA was found for the experimental surface modified using the
C. esculenta leaf model, followed by S. molesta y C. aurea, respectively. The difference
between control and modified surfaces was statistically significant (p < 0.001). In addition,
the difference in CA between the experimental surface modified with the C. esculenta leaf
(highest CA value) and C. aurea (lowest CA value) was statistically significant (p = 0.004,
Figure 4).
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Figure 4. Contact angle measurements from control (SS 316L) and transferred (experimental) surfaces.

When comparing surface roughness from modified surfaces versus SS 316L control,
the former showed higher Ra values, and the plates modified using the C. aurea leaf showed
the highest values, followed by C. esculenta and SS 316L control. The difference between
modified surfaces and SS 316L control was statistically significant (v < 0.001, Figure 5).
In addition, the Ra values from the plates modified using the C. aurea leaf were lower
than the respective natural leaf. In contrast, the Ra values from the plates modified using
the C. esculenta leaf were higher than the respective natural leaf (data not shown). Such
comparison could not be made for S. molesta since Ra values could not be obtained for the
natural leaf as explained above.

Figure 5. Average roughness of control (SS316L) and transferred (experimental) surfaces.

3.3. Evaluation of S. mutans Adhesion

The values from the plates modified using the C. aurea leaf showed the lowest adhesion
(1.3 × 106 ± 2.5 × 105 CFU/surface) when compared to control surface (1.9 × 106 ±
2.5 × 105 CFU/surface) and the other two experimental surfaces (1.9 × 106 ± 2.4 ×
105 CFU/surface and 2.3 × 106 ± 5.0 × 105 CFU/surface for C. esculenta and S. molesta,
respectively). The difference was statistically significant (p < 0.001). The modified surface
using the C. esculenta leaf showed lower adhesion than the plate modified with the S. molesta
topography. However, the values from C. esculenta modification and SS 316L were similar
and the difference was not statistically significant (Figure 6). In addition, when comparing
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the S. mutans adhesion to the plates modified using the S. molesta topography versus the
other treatments, including the control surface, higher values were found

Figure 6. S. mutans adhesion to control (SS 316L) and transferred (experimental) surfaces.

4. Discussion

In recent years, different papers have addressed the subject of how topographic
modifications on the surface of biomaterials may assist in reducing bacterial adhesion
and biofilm formation [27–29]. The current investigation assessed S. mutans adhesion
to the surface of surgical-grade stainless steel plates that were modified using different
topographies following biomimetic inspiration. Natural patterns were selected based on
their ability to self-clean and the apparent high hydrophobicity exhibited in their natural
environment (water-repellency).

The topography of the natural leaves used as models was assessed and relevant
properties were measured. They showed high hydrophobicity (130.4◦ for C. esculenta,
140.5◦ for C. aurea and 150.3◦ for S. molesta, on average). According to hydrophobicity
values presented by Kim and Choi [36] and Falde et al. [37], only the S. molesta leaf could be
classified as superhydrophobic (CA > 150◦), while C. esculenta and C. aurea were classified
as hydrophobic (CA between 90◦ and 150◦). Jaggessar et al. [38] reported a contact angle
between 90◦ and 150◦ for C. esculenta, which is in agreement with the values obtained in
the present work. For comparison purposes, no values could be found for C. aurea and
S. molesta in the scientific literature.

Then, a comparison between the hydrophobicity values from the natural surfaces and
the values from the transferred surfaces was performed and a reduction in the contact
angle measurement after the transference was found in all cases. Even though there was
a reduction in hydrophobicity values, they were still higher than SS 316L. This finding
may have different explanations. Biological surfaces, including natural leaves, may have
protective coatings made of natural waxes that increase the hydrophobicity and such
coatings could not be transferred to stainless steel plates using soft lithography [36–41].
In addition, silica sol-gel was used to transfer the topography from each leaf to polished
SS 316L. Several authors [42–44] have found that when silica sol synthesized with similar
TEOS:MTES ratios as the ones in the current investigation is used to coat SS surfaces, an
increase in hydrophobicity is found due to the presence of methyl groups from the silica
that reduce the ability of the surface to absorb water [44]. Therefore, the presence of silica
may explain why the hydrophobicity values from the transferred surfaces are higher than
the value from polished SS 316L. However, this effect of silica on stainless steel is not as
strong as the effect that a protective wax coating has in the natural plants and leaves, hence,
the values from natural sources are significantly higher than those from the transferred
surfaces, which are, in turn, higher than silica-free SS 316L.
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Regarding roughness, the values from the S. molesta leaf could not be obtained using
AFM due to the topography of this natural surface consisting of multiple macrometric
hair-like structures that prevented the tip from making close contact with the surface,
which is necessary to obtain a correct reading. The topography of a given sample is one
of the limitations exhibited by AFM, especially when the sample has steeply inclined
surfaces [45], such as the topographic features shown by S. molesta, even at higher scales.
The roughness of the remaining natural leaves (C. aurea and C. esculenta) was similar, but
when comparing the roughness from the natural leaves and the transferred surfaces, an
increase in roughness was observed for C. esculenta and a reduction was found for C. aurea.
Such reduction in roughness may be explained by the fact that biological surfaces could
have a hierarchical structure and intricate architecture [40,46] and the transfer process
employed in this protocol used smooth silica sol, which may have filled some of the
irregularities on the surface, hence the reduction that was observed. An explanation for the
increase in roughness in the transfer of C. esculenta remains to be elucidated.

As for bacterial adhesion, surface roughness and hydrophobicity play a major role in
how bacterial species adhere to a surface and form a biofilm. De la Pinta et al. [47] found
that more abundant biofilm was formed on rougher surfaces, but such results could not
be correlated when hydrophobicity was considered. Raspor et al. [48] assessed bacterial
adhesion to five SS 304 surfaces to determine the influence of roughness on adhesion. They
found that adhesion increases as roughness increases. Bohinc et al. [49] also obtained
similar results on glass. Díaz et al. [50,51] demonstrated that roughness at the nano scale
reduces bacterial adhesion, while roughness at the micro scale increases it. Xu et al. [52]
confirmed such findings and explained that such reduction at the nano scale is due to the
narrow space available for the bacterium and the obstacle that this represents for bacterial
aggregation, which had been previously established by Hochbaum and Aizenberg [27].
These findings are conflicting with the results of the current work, since the rougher
topography (C. aurea) showed the lower bacterial adhesion. This may be explained by the
fact that, even though both the modified surface using the C. aurea model and the actual
leaf showed higher roughness values, its apparently more organized topography and/or
the size of its surface features related to the size of the bacterial species used [27] were
responsible for the reduction in bacterial adhesion.

When analyzing the relation between hydrophobicity and bacterial adhesion, the
higher the CA value, the lower the S. mutans adhesion. The most hydrophobic surface
(S. molesta) showed an increase in bacterial adhesion, while the less hydrophobic surfaces
(C. aurea and C. esculenta) exhibited lower adhesion of this bacterial species. Since it was
not possible to obtain the roughness value from S. molesta, it is not possible to determine
that the increase in bacterial adhesion is solely ascribable to its hydrophobicity, but a
combination of high hydrophobicity and an apparent high roughness. It is important to
notice that the difference in the relation between hydrophobicity and bacterial adhesion
between the current investigation and the work by De la Pinta et al. [47] may be due
to the bacterial species under evaluation, since more hydrophobic species prefer more
hydrophobic surfaces. In the current work, S. mutans showed lower adhesion to more
hydrophobic surfaces, which is in agreement with the results by Satou et al. [53], who
demonstrated that S. mutans is a hydrophilic bacterial species that show more affinity to
hydrophilic surfaces.

Adhesion to topographically modified surfaces has been addressed in the literature for
a few years. Vladillo-Rodriguez et al. [54] created engineered nano surfaces and assessed
bacterial adhesion. They concluded that different surface patterns caused reduction of
bacterial adhesion ranging from 40% to over 95%. Bhardwaj and Webster [55] modified
titanium substrates and found a 95% reduction in Staphylococcus aureus adhesion, a 90%
reduction in Pseudomonas aeruginosa adhesion and a 81% reduction in Escherichia coli adhesion.

When modifications were based on natural models (biomimetics), Carman et al. [56]
used a surface based on the sharkskin, known as Sharklet, and found a reduction in the ag-
gregation of spores from green algae. May et al. [28], Chung et al. [29] and Reddy et al. [57]
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found a reduction in bacterial adhesion to modified surfaces, using patterns from the
Sharklet model, on different materials. Bixler et al. [24] evaluated anti-fouling properties
of microstructures based on butterfly wings and rice leaves and obtained promising re-
sults. However, most works on surface modification using bio-inspired or biomimetic
approaches are based on surfaces obtained from animal models, while plants offer many
possibilities that need to be evaluated. Previous works using surface modification based
on a natural leaf (C. esculenta) have also demonstrated a reduction in bacterial adhesion to
SS and titanium surfaces [30,34]. Since C. aurea showed better results than C. esculenta for
reduction in bacterial adhesion in the current work, future investigations using botanical
materials as models to modify biomaterials surfaces must be continued.

5. Conclusions

Within the limitations of the current investigation, a topographic modification of the
smooth surface of a metallic biomaterial showed reduction in bacterial adhesion. Three
different topographies from natural leaves (C. aurea, C. esculenta and S. molesta) were used,
but only surfaces based on C. aurea and C. esculenta models showed such effect, even
though there was an increase in roughness after every transference. There were also a
reduction in the hydrophobicity after the transference due to hierarchical features and
protective coatings that soft lithography is incapable of transferring. The most hydrophobic
surfaces showed higher bacterial adhesion, which is also related to the bacterial species
used in the current investigation. The results in bacterial adhesion suggests a relation
between roughness, hydrophobicity and topographic features that is relevant to reduce the
adhesion of this bacterial species to the surface of SS. Such reduction is important in short
term investigations because it opens new possibilities in the field of using materials and
surfaces that nature has to offer to improve biomaterials for medical and dental applications.
However, due to conflicting results obtained in the present work, careful attention must be
given to the selection of the natural surface.
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Abstract: Ultraviolet (UV) photofunctionalization can reset the biological aging of titanium after
the preparation and storage of dental implants by transforming hydrophobic titanium surfaces into
superhydrophilic surfaces. Blood clot formation around the implant can initialize and promote the
healing process at the bone–implant interface. The aim of this study is to evaluate and compare the
capabilities of surface wettability and blood clotting of implants with a conventional sand-blasted
and acid-etched surface (SA), a sand-blasted and acid-etched surface with vacuum-UV treatment
(SA + VUV), and a sand-blasted and acid-etched surface coated with a pH-buffering agent after
vacuum-UV treatment (SA + VUV + BS). Static and dynamic tests for surface wettability and blood
clotting were performed in vitro for SA + VUV and SA + VUV + BS (n = 5), while hemostasis
resulting from blood clotting was evaluated in vivo for SA, SA +VUV, and SA + VUV + BS (n = 4).
A Kruskal–Wallis test showed statistically significant differences (p < 0.05) in all tests, with the
exception of in vitro test of static blood clotting. VUV treatment is therefore effective at making an SA
surface superhydrophilic as an alternative to routine UV-C radiation. The addition of a pH-buffering
agent to SA + VUV also improved surface wettability and blood clotting, which are crucial for
successful osseointegration.

Keywords: blood clotting; dental implants; hydrophilicity; titanium; ultraviolet rays

1. Introduction

Titanium has been widely used for dental and orthopedic restoration and reconstruction due
to its biocompatibility, resistance to corrosion, and mechanical properties. Titanium oxidizes easily,
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forming a thin (1–5 nm), stable, and passive layer that is self-limiting and protects the surface of
the metal from further oxidation [1]. This titanium dioxide (TiO2) surface layer is considered to be
responsible for its effective biological performance due to the transfer of calcium and phosphorus ions
from the bone matrix within the TiO2 layer [2]. However, significant reductions in osseointegration
and other biological capabilities of titanium occur over time as surface carbon increases because of an
unavoidable deposition of carbon from the atmosphere on the TiO2 layer in a form of hydrocarbon [3].
This phenomenon is defined as the biological aging of titanium, and the ability of titanium surfaces to
attract proteins and osteogenic cells decreases in a time-dependent manner [4]. Another notable change
in titanium surfaces with time is the disappearance of hydrophilicity. Immediately after processing,
titanium surfaces exhibit a contact angle of water of 0 or less than 5 degrees, and such surfaces are
called superhydrophilic [4–7]. This feature gradually attenuates and becomes hydrophobic in 2 and
4 weeks, with a contact angle of greater than 40 and 60 degrees, respectively.

Surface treatment is used to modify dental implant surface topography and energy, resulting in
improved wettability, increased cell proliferation and growth, and accelerated osseointegration [1,8,9].
Surface treatment can be achieved by an additive or subtractive technique [9]. The subtractive technique
either removes or roughens a layer of core material, as typified by a sand-blasted and acid-etched (SA)
surface. In the addictive technique, other materials or chemical agents are added superficially to the
surface of the titanium through coating, such as titanium plasma spraying, hydroxyapatite coating,
calcium phosphate coating, and other biomimetic coating. Drilling prior to implant placement causes
bone tissue to undergo trauma similar to a fracture. The site becomes relatively hypoxic, and the
extracellular pH becomes acidic. In such conditions, bone marrow stromal cells exhibit reduced
alkaline phosphatase (ALP) activity and collagen synthesis, both of which are important in bone
formation and osseointegration [10]. Glycolysis and DNA synthesis of osteoblasts are also found to be
affected by acidic conditions [11]. Platelet aggregation, which is a critical step in blood clot formation
or thrombogenesis, is also reduced by extracellular acidosis, as mediated by the calcium ion entry
pathway [12]. Formation of a sufficient blood clot offers a direct and stable link at the bone-to-implant
interface and plays an important role in thrombogenic responses and osseointegration [13]. Moreover,
a relationship was found between various implant surface and the extent of the fibrin clot [14].

In our previous study, a novel SA surface coated with a pH-buffering agent after vacuum-UV
(VUV) treatment was introduced [15,16]. This surface was closely associated with greater affinity
for proteins, cells, and platelets, which promoted rapid and stable blood clotting, thrombogenesis,
and osseointegration. The purpose of the present study was to evaluate and compare the surface
wettability and blood clotting abilities of various implant surfaces, including a conventional SA surface
(SA), an SA surface with VUV treatment (SA + VUV), and an SA surface coated with a pH-buffering
agent after VUV treatment (SA + VUV + BS), by in vitro and in vivo analyses.

2. Materials and Methods

2.1. Preparation of Implant Fixtures

Implant fixtures of commercially pure titanium (grade IV) were prepared as SA, SA + VUV (TS
III SA, Osstem, Seoul, Korea), and SA + VUV + BS (TS III SOI, Osstem) for use in this study. As shown
in Figure 1a,b, the surface roughness of the implant fixtures were measured to be 2.5 ± 0.5 μm
of Ra value [15], and VUV treatment for photofunctionalization was achieved by exposing an
implant fixture to low-pressure mercury-arc lamps emitting UV-C and VUV in UV ozone cleaner
for 1 h. Coating the implant surface with a pH-buffering agent, comprising both of positively and
negatively charged ionic groups, with 7.31 of pKa value at 37 ◦C [15,16], was supplemented for better
superhydrophilicity (Figure 1c).
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Figure 1. Morphologic observation of a sand-blasted and acid-etched (SA) surface by scanning electron
microscope (SEM) at ×500 (a) and ×4000 magnification (b); (c) Comparison of contact angles of
defibrinated sheep blood on titanium discs and implant fixtures, respectively. SA, a conventional SA
surface; SA + VUV + BS, an SA surface coated with a pH-buffering agent after vacuum-UV treatment.

2.2. In Vitro Tests

2.2.1. Static Surface Wettability

Heparinized sheep blood was filled in a dish 3.5 cm in diameter to a depth of 2 to 3 cm. Implant
fixtures of SA + VUV and SA + VUV + BS (n = 5, respectively) were immersed in blood up to the
uppermost discontinuation of apical threads, and the time to reach the top of the implant fixture was
recorded to calculate the wetting velocity. The time was not counted from the apex of the implant fixture,
because the presence of discontinuation of apical threads caused blood absorption to stop abruptly.

2.2.2. Dynamic Surface Wettability

To simulate the clinical situations of implant fixture installation, holes were made in a transparent
acrylic plate to secure visibility, according to the manufacturer’s drilling protocol for hard bone density
using a 122 Taper Kit (Osstem). A 130 μM sample of defibrinated sheep blood was placed into each
hole of the acrylic plate, and the implant fixtures of SA + VUV and SA + VUV + BS (n = 5, respectively)
were dipped into the hole by a push–pull gauge (MX-500N, Imada Co., Tokyo, Japan) at a speed of
50 mm/min, and the times when the blood reached up to the 2 mm and 4 mm points of the central axis
of the fixture above the horizontal plate, respectively, were recorded (Figure 2).

Figure 2. In vitro test of dynamic surface wettability: (a) a transparent acrylic plate with implant holes
and the implant fixture in a push–pull gauge; (b) baseline, contact of the implant fixture with the blood,
and whole insertion of implant fixture into the hole.
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2.2.3. Static Blood Clotting

The implant fixtures of SA + VUV and SA + VUV + BS, 11.5 mm long with 4.5 mm diameter
(n = 5, respectively), were dipped up to their ends in a dish 3.5 cm in diameter filled with 3 mL
of non-heparinized sheep blood. The weight (g) of the blood clot around the implant fixture was
measured at 5 min, 7.5 min, 10 min, and 12.5 min, respectively.

2.2.4. Dynamic Blood Clotting

This model for active blood clotting was designed to simulate continuous blood supply by
capillaries. The SA + VUV and SA + VUV + BS implant fixtures, which were 10 mm long with a 4.0 mm
diameter (n = 5), were inserted with 5 N cm of pre-set insertion torque into a modified Eppendorf tube,
which was connected to a syringe pump infusing the sheep blood, mixed with 1 IU/mL heparin, on the
bottom at 37 ◦C. After 30 min of blood supply at an infusion rate of 0.05 mL/min, the time (min) until
blood ceased dropping by blood clot formation around the implant fixture and the volume (mL) of
blood, which was collected in the underlying 15 mL tube below the Eppendorf tube, were measured.

2.3. In Vivo Test

A beagle dog mandible model was used. All procedures were conducted with the approval of the
Ethics Committee of Animal Experimentation of the Institutional Animal Care and Use Committee
(CRONEX-IACUC 20191002; Cronex, Hwasung, Korea) according to the guidelines of Animal Research:
Reporting in Vivo Experiments (ARRIVE).

Four female beagles 18 months of age were subjected to bilateral extraction of their mandibular
premolars and the first molar under general anesthesia. The anesthetic protocol for all surgical
procedures included a 1 mL intramuscular injection with a 15 mg/kg dose of tiletamine/zolazepam
(Zoletil 50, Virbac, Seoul, Korea) and 5 mg/kg xylazine (Rompun, Bayer Korea, Seoul, Korea). After local
anesthesia, a full-thickness mucoperiosteal flap was raised adjacent to the mandibular premolars
and molars (Figure 3). Teeth were hemisected under copious irrigation with a small fissure bur.
Extractions were performed with elevators and forceps. Flaps were closed with single interrupted
sutures. Postoperative care protocol included antibiotics and pain control. During this interval, all dogs
were maintained on a soft diet and water ad libitum.

Figure 3. In vivo test of blood clotting: (a) incision and flap reflection; (b) alveolar ridge flattening;
(c) preparation of implant holes; (d) implant fixture placement; (e) cotton pellet application for bleeding
absorption; (f) pattern of cotton pellets according to time. SA, a conventional SA surface; SA + VUV,
an SA surface with vacuum-UV treatment; SA + VUV + BS, an SA surface coated with a pH-buffering
agent after vacuum-UV treatment.
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Three months after the extractions, surgical placement of dental implants was performed in the
healed extraction sites under sterile conditions. After local anesthesia, a full-thickness flap was elevated
to expose the alveolar ridge, and the irregular alveolar crestal was flattened. Sequential drillings were
performed for consecutive implant sites, which were larger than the implant fixture, using a guide
drill, 2.2 mm twist drill, 3.0 mm taper drill, 4.0 mm taper drill, and 6.0 mm ultra-taper drill. A total
of 12 implant fixtures of SA, SA + VUV, and SA + VUV + BS, 8.5 mm long with a 3.5 mm diameter,
were placed bilaterally with 35 N cm of pre-set insertion torque. Whole bleeding from the gap between
the hole and implant fixture was socked in a cotton pellet until 10 min after implant placement, and the
weight (g) of the cotton pellet was measured every minute to evaluate the potential of the blood clotting
of the implant fixtures. All experimental animals were sacrificed after the surgery by an intravenous
overdose of potassium chloride.

2.4. Statistical Analysis

Due to a small sample size, we performed a Kruskal–Wallis test, which is a nonparametric
comparison of the difference of the means without a normality assumption, to examine the differences
between SA + VUV and S + VUV + BS in vitro and among SA, SA + VUV and SA + VUV + BS in vivo,
with a statistical significance of p < 0.05 at α = 0.05. All statistical analyses were performed using SAS,
version 9.4 (SAS Inc., Cary, NC, USA).

3. Results

3.1. In Vitro Tests

3.1.1. Static Surface Wettability

The lengths of time before the blood reached the top of the implant fixture were 43.3 ± 8.3 min and
3.8 ± 0.3 min in SA + VUV and SA + VUV + BS, respectively, and a statistically significant difference
(p < 0.05) between the two was evident (Figure 4a).

Figure 4. In vitro test of static and dynamic surface wettability: (a) time (min) to reach the top of
the implant fixture; (b) time (min) to reach 2 mm and 4 mm above the horizontal plate, respectively.
SA + VUV, an SA surface with vacuum-UV treatment; SA + VUV + BS, an SA surface coated with a
pH-buffering agent after vacuum-UV treatment. Mean ± SD, * p < 0.05 by Kruskal–Wallis test.

3.1.2. Dynamic Surface Wettability

The lengths of time before the blood reached 2 mm above the horizontal plate were 6.4 ± 0.1 min
and 6.3 ± 0.2 min, and for 4 mm above the horizontal plate, they were 8.5 ± 0.2 min and 9.3 ± 0.3 min
in SA + VUV and SA + VUV + BS, respectively. A statistically significant difference (p < 0.05) between
SA + VUV and SA + VUV + BS was only found for the time before the blood reached 4 mm above the
horizontal plate (Figure 4b).

57



Coatings 2020, 10, 1040

3.1.3. Static Blood Clotting

In SA + VUV, the weights of the blood clot formed around the implant fixture, which were
measured at 5 min, 7.5 min, 10 min, and 12.5 min after immersing the implant fixture in the blood, were
0.04 ± 0.01 g, 0.09 ± 0.03 g, 0.23 ± 0.06 g, and 0.39 ± 0.16 g, respectively. In SA + VUV + BS, the weights
were 0.07 ± 0.03 g, 0.12 ± 0.02 g, 0.39 ± 0.20 g, and 0.61 ± 0.18 g, respectively, and no statistically
significant differences were measured between SA + VUV and SA + VUV + BS at any time (p > 0.05).

3.1.4. Dynamic Blood Clotting

The times for complete hemostasis were 19.0 ± 0.4 min and 8.1 ± 1.2 min in SA + VUV and
SA + VUV + BS, respectively, and there was a statistically significant difference between SA +VUV and
SA + VUV + BS (p < 0.01, Figure 5a). In addition, the volumes of the blood collected in the underlying
tube were 8.27 ± 0.36 mL and 3.64 ± 0.99 mL in SA + VUV and SA + VUV + BS, respectively, with a
statistically significant difference (p < 0.01, Figure 5b) evident between SA + VUV and SA + VUV + BS.

Figure 5. In vitro test of dynamic blood clotting: (a) time (min) until complete hemostasis; (b) volume
(mL) of the blood collected in the underlying tube. SA + VUV, an SA surface with vacuum-UV
treatment; SA + VUV + BS, an SA surface coated with a pH-buffering agent after vacuum-UV treatment.
Mean ± SD, ** p < 0.01 by Kruskal–Wallis test.

3.2. In Vivo Test

Among SA, SA + VUV, and SA + VUV + BS, there were statistically significant differences in the
weights of the whole blood absorbed in the cotton pellet measured at 5 min, 6 min, and 7 min (p < 0.01,
Figure 6). Summary statistics of this study are shown in Table 1.

Table 1. Summary Statistics of this Study.

Tests Categories Groups N χ2 DF p Value

In vitro Static surface wettability SA + VUV vs. SA + VUV + BS 5 3.8571 1 0.0495 *
Dynamic surface wettability SA + VUV vs. SA + VUV + BS 5 - - -

2 mm - - 0.4839 1 0.4867
4 min - - 4.5000 1 0.0339 *

Static blood clotting SA + VUV vs. SA + VUV + BS 5 - - -
5 min - - 2.3333 1 0.1266

7.5 min - - 1.1905 1 0.2752
10 min - - 2.3333 1 0.1266

12.5 min - - 1.1905 1 0.2752
Dynamic blood clotting SA + VUV vs. SA + VUV + BS 5 - - -

Time - - 12.9630 2 0.0015 **
Volume - - 12.5448 2 0.0019 **

In vivo Blood clotting SA vs. SA + VUV vs. SA +
VUV + BS 4 9.8462 2 0.0073 **

DF: degrees of freedom, N: number of samples, SA: a conventional SA surface; SA + VUV: an SA surface with
vacuum-UV treatment; SA + VUV + BS: an SA surface coated with a pH-buffering agent after vacuum-UV treatment.
* p < 0.05 and ** p < 0.01 by Kruskal–Wallis test.
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Figure 6. In vivo test of blood clotting. Weight (g) of the whole blood absorbed in the cotton pellet
measured from each implant site according to time. SA, a conventional SA surface; SA + VUV, an SA
surface with vacuum-UV treatment; SA + VUV + BS, an SA surface coated with a pH-buffering agent
after vacuum-UV treatment. Mean ± SD, ** p < 0.01 by Kruskal–Wallis test.

4. Discussion

UV photofunctionalization, a method of modifying titanium surfaces after UV treatment that
includes altering the physicochemical properties and enhancing biocompatibilities, has been proposed
to reset the biological aging of titanium [7]. After treatment with UV radiation, the TiO2 layer of a
titanium surface incorporated with hydrocarbons became remarkably hydrophilic or superhydrophilic.
The amount of surface carbon is known to vary depending on the age of the surface and reportedly
can increase to approximately 60% to 70% of surface atomic components. UV treatment cleans
such carbon-contaminated titanium surfaces, reducing the carbon percentage to less than 20% and
concurrently increasing the level of osseointegration [7]. In the UV spectrum, both UV-A and UV-C
convert biologically aged titanium surfaces from hydrophobic to superhydrophilic, but only UV-C
(200–280 nm) is known to effectively reduce surface carbon to a level equivalent to a new surface and
enhance bioactivity [17]. UV-C is capable of removing hydrocarbon from a TiO2 layer of titanium by
direct photodecomposition, which is more effective than photocatalysis by UV-A [18]. In our study,
all implant fixtures were photofunctionalized by UV-C and VUV (100–200 nm), and the radical removal
of hydrocarbon from TiO2 layer of titanium could provide more superhydrophilicity [15,19]. VUV is
rapidly absorbed by water in the atmosphere and is therefore capable of generating various reactive
oxygen species by breaking hydrogen bonds in water molecules via hydrolysis [19]. VUV-initiated
hydrolysis is an efficient method of obtaining hydroxide or hydroxyl groups on a TiO2 layer that
provides persistent superhydrophilicity [20,21]. Since VUV treatment tends to generate more ozone in
the atmosphere and hydroxyl radicals in water [19], it should be strictly limited in only laboratory or
factory, not clinical, settings.

To accelerate bone healing and improve bone anchorage to an implant, the bone/implant interface
can be improved topographically and biochemically by incorporating inorganic phases, such as
calcium phosphate, and organic molecules, such as proteins, enzymes or peptides, on or into a TiO2

layer [22–25]. Nanostructured implant surfaces, which have an extensive surface area, high surface free
energy, and wettability, seem capable of modifying the host tissue response [9]. SA implant surfaces

59



Coatings 2020, 10, 1040

have demonstrated predictable clinical results and are regarded as standard implant surface [10,26–29].
The superhydrophilicity of SA +VUV + BS, which was previously found on the flat surface of disks [15],
was confirmed in our test of static surface wettability. As the ability to attract blood near to the top of the
implant fixture (approximately 4 mm above the horizontal plate in our study) is what most clinicians
ultimately prefer to check in a clinical setting, we added a new dynamic test of surface wettability to
compare the wetting velocities of SA + VUV and SA + VUV + BS in more detail. Since SA is a dry
surface that has not been in contact with any liquid, the surface wettability of SA + VUV + BS might
be significantly superior to that of SA solely by the effect of the pH-buffering agent of SA + VUV + BS
itself. However, given that implant fixtures are placed with dry surfaces or without any additional
hydration in real clinical situations, we chose a naïve SA, rather than an SA hydrated in solution,
as a control [30]. A more hydrophilic surface was previously found to be closely related to superior
and faster osseointegration [30,31]. Furthermore, surface wettability is known to alter the biological
responses of implant surfaces with respect to the adhesion of proteins and other molecules, as well as
cell interactions [32].

As blood clot formation signals the beginning of the healing process, the interaction between an
implant and blood is considered important for the successful osseointegration of titanium implants
after implantation [33]. Blood clot formation on rough titanium surfaces can induce cell recruitment
and stimulate wound healing [34], and it has been revealed that both preosteoblasts and osteoblasts
can attach to an implant surface covered by platelets and fibrin, where they differentiate under the
stimulation of osteogenic factors and cytokines released from the peri-implant blood clot [35,36].
The formation of blood clots on the implant with various implant surfaces is believed to be a crucial
factor in effective fibrin retention and may critically affect bone healing and osseointegration by
influencing macromolecule transport, cell behavior, and contact/distant osteogenesis [34]. In a test
of static blood clotting, the SA + VUV + BS showed superior blood absorption around the implant
fixtures compared with SA + VUV, but not to statistically significant degree. This indicates that an SA
surface photofunctionalized with VUV has at least an equal ability in blood clotting. We designed new
experiments to confirm the blood clotting by hemostasis of continuous capillary bleedings to simulate real
clinical situations as accurately as possible. In a test of in vitro dynamic blood clotting, the clots formed
significantly faster, and the total volume of blood collecting through the gap between holes and implant
fixture to hemostasis was significantly less in SA + VUV + BS than in SA + VUV. An in vivo test also
showed a significant difference in the total weight of bleeding between the overprepared hole and an
implant fixture among SA, SA+VUV, and SA+VUV+ BS. This suggests that SA+VUV+ BS can induce
faster blood clot formation around the implant surface, leading to more effective interaction of the
bone-to-implant interface for osseointegration. In a clinical respect, these features of SA + VUV + BS
are important in visualizing the surgical site and simultaneous guided bone regeneration, which is
frequently indicated for the adequate quantity and quality of peri-implant tissues for more aesthetic and
functional results [37], because rapid blood clotting is closely associated with the stabilization of grafting
material and the barrier membrane. Finally, SA + VUV could be an alternative to SA + VUV + BS to SA
with respect to the potential for blood clot formation on implant surfaces.

During implant drilling in the bone, which produces a weakly acidic condition, a pH buffer may
help keep the pH constant [38]. As a coating material, the pH-buffering agent appears to control the
release of the inflammatory mediators [9] and enhance the conditions for osteoblast activity [15] by
keeping the pH constant or at least preventing significant changes. The activity of platelets in blood
clotting and both the activity of osteoblasts and the level of ALP for bone making are also inhibited by
extracellular acidosis [11]. SA + VUV + BS could maximize the activity of platelets, thrombogenesis,
the activity of osteoblasts, and the level of ALP in a bone-to-implant interface through a pH-buffering
effect. Further studies will be necessary to investigate SA + VUV + BS with respect to its safety and
effectiveness in clinical settings. Randomized controlled trials should also be followed to confirm its
feasibility in various clinical conditions, such as implant placement immediately after tooth extraction
or with simultaneous bone augmentation.
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Abstract: Background: In this study it is evaluated whether autogenous bone mixed with biphasic
calcium phosphate (BCP) used in a maxillary sinus floor elevation (MSFE) leads to improved bone
formation. Materials and methods: In five patients a unilateral MSFE was performed. Histological and
histomorphometric analyses were performed on bone biopsies that were obtained 6 months after
MSFE during dental implant surgery. Results: The average vital bone volume was 29.9% of the
total biopsy (BV/TV, SD ± 10.1) of which 7.1% was osteoid (OV/BV, SD ± 4.8). The osteoid surface
(OS/BS) covered 26.0% (SD ± 13.4) of the bone surface. The BS/TV covered 4.7 mm2/mm3 (SD ±
2.3). Compared with previous studies the analyses showed a difference for trabecular thickness
(Tb.Th.) and osteoid surface (OS/BS), but not for BV/TV, OV/BV and the number of osteoclasts.
Conclusion: MSFE with autogenous bone mixed with BCP shows an amount of newly formed bone
that is comparable with the findings from the previously published 6-month study with pure BCP.
However, a better distribution of the new bone over the entire biopsy was observed.

Keywords: bone substitute; sinus floor augmentation; maxillary tuberosity

1. Introduction

Lack of vertical bone height in the posterior maxilla limits standard dental implant placement.
In order to increase the vertical dimension in the posterior maxilla, a maxillary sinus floor elevation
(MSFE) with graft material can be performed. [1,2] MSFE is a predictable preimplant surgical procedure
with a high survival rate of the dental implants, exceeding 93.8% [3]. Pjetursson systematically
reviewed the success of dental implants placed in combination with MSFE, and reported an implant
survival rate after 3 years up to 98.3%, using rough surface dental implants, related to non-augmented
jawbone [4].
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Due to its osteoinductive, osteoconductive and osteogenic properties autogenous bone is still
considered the golden standard as graft material [5–12]. This osteogenic capacity of autogenous bone
grafts may be attributed to the presence of bone morphogenic proteins, attracting osteogenic cells from
the adjacent tissues, thus mobilizing other growth factors essential for bone regeneration [4].

Bone grafts can be obtained either intraorally or extraorally. Harvesting these bone grafts
has drawbacks, such as an extended operating time, donor site morbidity, hospitalization,
unpredictable resorption rate of the bone grafts [9,13–15] and sensory disturbances [5,16,17].
Different types of bone substitutes have been developed to overcome these drawbacks (e.g., allograft,
xenograft, alloplast and mixtures of different materials) [18,19]. The comparison of bone grafts
from different origins has been the subject of study extensively. Meta-analyses have confirmed the
superiority of autogenous bone grafts over allografts, xenografts and synthetic bone grafts with respect
to new bone formation [20–22]. Ideally, such a bone substitute should be biomechanically stable,
capable of degradation within an appropriate time frame, exhibiting osteoconductive, osteogenic and
osteoinductive properties, biologically safe, low patient morbidity, volume stable, easy available
on the market with low production costs and providing a favorable environment for the entry of
blood vessels and bone-forming cells [23–26]. For cranio-maxillofacial purposes, autografts (due
to the drawbacks) play a minor role today. In terms of costs and benefits, allografts were the most
commonly used bone graft in the United States and xenografts were the most commonly used grafts in
Europe [27]. Allografts are tissue grafts from a donor of the same species as the recipient, but not
genetically identical, with a risk of immune responses, infection transmission and are known to have
high failure rates with long-term use. Additionally, many osteoinductive properties are lost during the
manufacturing of allografts [21,28–30]. In Europe, the use of allografts is often abandoned in clinical
practice, advised by the Medical Device Regulation [31].

Xenografts are usually of porcine or bovine origin. The use of xenografts involves a number of
risks and complications, e.g., disease transmission (Creutzfeldt-Jakob disease), immune responses,
foreign body response and chronic inflammation. The production process can lead to a lack of viable cells
and reduced osteoinductive properties [32]. For cranio-maxillofacial applications, bovine xenografts
are allowed for safe use without reports of transmissible spongiform encephalopathies (TSE) and
bovine spongiform encephalopathy (BSE) risk [27,33,34].

Alloplastic (synthetic) grafts are currently most commonly used for their osteoconduction,
hardness and acceptability by bone. Most alloplasts consist of hydroxyapatite, a naturally
occurring ceramic that is also the primary mineral of bone, or other calcium phosphate compounds,
such as β–tricalcium phosphate (β–TCP). Calcium phosphates, like hydroxyapatite (HA),
β–tricalcium phosphate (β–TCP) or biphasic calcium phosphate (BCP), a mixture of HA and
β-TCP, are osteoconductive, biocompatible and simulate the chemical composition of natural bone.
Calcium phosphates do not induce a sustained foreign body response or toxic reaction [35–37].
Hydroxyapatite is, at a physiological pH, the least dissolvable of the naturally occurring calcium
phosphates, making it relatively resistant to resorption and suitable for clinical use [9,38–40].
β-TCP does not have osteoinductive properties and resorbs rather quickly, but not necessarily
at the same rate as the formation of new bone [11,12,41–44].

In previous studies a mixture of 60% HA and 40% β-TCP (BCP) as graft material in an MSFE
procedure demonstrated sufficient bone (re)generation after 6 months for placement of dental implants,
although remnants of BCP could still be observed, indicating that the process of bone substitution
was not yet completed [12,45]. After 9- and 12-months healing time, a high bone formation was
still observed and remnants of BCP particles could still be detected [46]. A significant lower total
bone volume is found for each biomaterial or combination of different graft materials compared to
autogenous bone [11,47].

This study was based on the use of an autogenous bone graft, harvested from the maxillary
tuberosity, in an MSFE procedure, as the golden standard [10]. Though, if autogenous bone graft
volume is insufficient, a bone substitute can be supplemented to achieve sufficient graft volume for
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completion of the MFSE procedure, thereby avoiding a second surgical intervention and minimizing
donor site morbidity. Referring to previous studies on the use of BCP’s only [12,46], it would be
interesting to further study the use of a mixture of autogenous bone and Straumann® Bone Ceramic
(SBC), a BCP (Straumann Holding AG, Basel, Switzerland).

Therefore, the purpose of this study was to determine whether a mixture of autogenous bone
and BCP in an MSFE procedure leads to an improved bone formation compared to an MSFE
with pure BCP and ideally a total remission of BCP remnants in the entire augmented MSFE area,
eventually leading to a sufficient bone structure, qualitatively and quantitatively, for dental implant
placement. Five subsequent patients were evaluated clinically, radiologically, histologically and
histomorphometrically after a 6-month healing period. The results were compared with the results of
the previously reported studies with pure BCP (no autogenous bone added), after 6-, 9- and 12-month
healing time, which were conducted according to the same study protocol [12,46].

2. Materials and Methods

2.1. Study Population

Five subsequent, healthy patients (3 males and 2 females), with a partially edentulous posterior
maxilla with vertical dimensions of less than 8 mm but preferably more than 4 mm, requiring dental
implants for dental rehabilitation, were included in this study and underwent a unilateral MSFE
procedure 6 months before the dental implants were placed. The average age was 61 years
(range: 51–70).

The study was performed in accordance with the principles of the Declaration of Helsinki.
Since the study involved a Conformité Européenne (CE)-marked device (biphasic calcium phosphate)
being used for its intended purpose (use as carrier material for bone augmentation in sinus floor
elevation procedures) and the harvested material is regarded as surgical waste, no specific regulatory
approval from a medical ethical committee was required. Patients provided written consent before the
study-related MSFE and dental implant procedures were undertaken. Biopsies were retrieved during
dental implant surgery, with trephine drills, implicating the tissue in the hollow drill is considered
surgical waste and no extra inconvenience to the patient.

2.2. Maxillary Sinus Floor Elevation Procedure

A unilateral two-stage MSFE was performed as described by Tatum [2] and similar to the previously
reported 6-month and 9–12-month studies with pure BCP [12,46]. MSFE surgery was performed under
local anesthesia. All patients took amoxicillin 500 mg orally, 4 times daily during 7 days, starting one
day preoperatively. Oral hygiene was performed with 0.12% chlorhexidine-digluconate 3 times daily
for two weeks. The autogenous bone graft was harvested from the maxillary tuberosity at the implant
site with mallet and chisel and grinded in small pieces. Before filling the created area at the sinus
bottom, the bone graft was mixed in equal proportions with BCP granules (60% HA and 40% β–TCP,
Straumann® Bone Ceramic, Straumann Holding AG, Basel, Switzerland). No collagen membrane was
placed to cover the lateral window [48] (Figure 1A–E).

2.3. Dental Implant Surgery and Biopsy Retrieval

The dental implants were placed six months after the MSFE procedure. Implant osteotomies
were made and biopsies were obtained from the previously grafted area at the planned dental implant
positions, using trephine drills with an external diameter of 3.5 mm and internal diameter of 2.5 mm
(Straumann® trephine drill) with copious irrigation of sterile saline. In the five patients 11 standard
plus, regular neck, soft tissue level Straumann® SLA dental implants with a diameter of 4.1 mm
and a length of 10 or 12 mm were placed. (Figure 1F). The dental implants were left to integrate in
a non-submerged unloaded fashion. A panoramic radiograph was taken immediately after dental
implantation to allow postoperative radiological evaluation. After 10–14 days the Gore-Tex® (W.L.
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Gore and Associates, Newark, DE, USA) sutures were removed and, if needed, provisional prosthetics
were adapted to the new situation. Loading of the dental implants was prohibited for three months.
After osseointegration of the implants, a restorative dentist fabricated and placed the superstructures.

Figure 1. Maxillary sinus floor elevation (MSFE) procedure using a mixture of autogenous bone from
the maxillary tuberosity and a biphasic calcium phosphate (BCP). (A) The preparation of the top hinge
door in the lateral window of the right maxillary sinus. (B) Harvesting of an autogenous bone graft
from the maxillary tuberosity with a chisel at the same surgical side and during the same procedure.
(C) The harvested bone graft is grinded in smaller pieces by means of a bone mill. (D) The milled bone
graft is mixed with a biphasic calcium phosphate (Straumann® Bone Ceramic 60:40). (E) Area between
the lifted lid and the maxillary sinus floor is filled with the mixed bone graft. (F) Radiograph taken
directly after the insertion of two Straumann® SLA dental implants in the augmented right posterior
maxilla (6 months after MSFE).

2.4. Clinical Evaluation

One experienced oral and maxillofacial surgeon (C.M.T.B.) assessed clinically all 11 inserted dental
implants for good primary stability. At abutment connection the osseointegration was tested with a
35 N cm torque. All placed Straumann® SLA dental implants resisted the applied 35 N cm torque.

2.5. Radiological Evaluation

According to the same study protocol as previously reported [12,46], panoramic radiographs were
taken at patient’s intake (T0); immediately after the MSFE procedure (T1); immediately after dental
implant placement (T2); 1 year after dental implant placement (T3) and 5 years after dental implant
placement (T4). On the panoramic radiographs changes in tissue height (mm) of the grafted area were
measured at the implant sites on all time points. An average magnification of 1.25 was taken into
account to calculate the actual tissue heights.

2.6. Biopsy Processing and Analyses

Bone biopsies were prepared for histology according to previously described procedures [49].
In short, the biopsies were fixed overnight in 4% phosphate-buffered formaldehyde and transferred to
alcohol 70% [50]. After dehydration, the bone specimens were embedded without prior decalcification
in methyl methacrylate supplemented with 20% dibutylphtalaat and 0.008 g/mL Lucidol. The biopsies
were cut into 5 μm longitudinal sections (Polycut S., Leica microtome type sm2500s, Leica, Wetzlar,
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Germany). Goldner’s trichrome staining was used to evaluate bone mass indices and osteoid
surface [51]. Tartrate resistant acid phosphate (TRAP) staining was performed to visualize osteoclasts.
Von Kossa staining was performed to visualize mineralized tissue.

2.7. Qualitative Histological Analysis

Qualitative assessment included screening the presence of BCP (Straumann® Bone Ceramic)
remnants, clearly visible in the Von Kossa staining and a judgment of the vitality of the bone tissue.
Moreover, the tissue was screened for inflammatory infiltrate. Three independent observers detected
semi-quantitatively BCP particles and classified the particles into quartiles (<25% of BCP, 25%–50%; of
BCP, 50%–75% of BCP and >75% of BCP).

2.8. Quantitative Histomorphometric Analysis

Quantitative measurements were performed semiautomatically using a digitizer and image
analysis software (Osteomeasure, Atlanta, GA, USA). Since it was difficult to distinguish the exact
border between augmented and native bone, histomorphometric measurements were executed over the
total section of the biopsy, including newly formed and native bone. The parameters were measured
in consecutive fields of a complete section, in four 150 μm-separated sections throughout the biopsy,
covering a total measured area of 60 mm2. Nomenclature was used according to the American Society
for Bone and Mineral Research (ASBMR) nomenclature committee [52].

The biopsy was examined for the following parameters:
Parameters evaluating vital bone mass/bone structure:

• Vital bone volume (BV/TV): percentage of the total section that is vital bone tissue (%).
• Bone surface (BS/TV): BS expressed as a fraction of the total vital bone volume (mm2/mm3).
• Thickness of bone trabeculae (Tb.Th; μm).

Parameters evaluating bone turnover:

• Osteoid volume (OV/BV): percentage of the vital bone tissue section that is osteoid (%).
• Osteoid surface (OS/BS): osteoid-covered surfaces expressed as the percentage of the total BS (%),

to measure new vital bone formation.
• Osteoid thickness (O.Th; μm)
• Number of osteoclasts (N.Oc/BPM) per mm2 total area.

2.9. Statistical Analysis

Results are expressed as the mean plus or minus standard deviation. The results of this study were
compared to the results of previously reported experiments, which were conducted in our institution
in a similar manner by use of a non-parametric Kruskal–Wallis test.

3. Results

3.1. Clinical Evaluation

All five patients responded identical. None of them displayed postoperative infections,
neither after the MSFE procedure nor after the placement of dental implants. During the insertion of
the dental implants, it was observed that the graft material was well vascularized. Although there was
a clear demarcation between the grafted area and the original bone of the alveolar process, there was
continuity between the graft and the original bone. Although bone substitute particles could still be
recognized in the retrieved tissue specimen, the drill remained stable during implant bed preparation.
Clinically, all particles appeared to be well integrated in newly formed tissue. All dental implants
osseointegrated well and could be loaded with fixed prostheses three months after implant surgery.
There was no loss of dental implants during the 5-year follow-up.
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3.2. Radiological Evaluation

The results of the alveolar tissue height measurements on panoramic radiographs in time are
shown in Table 1. On average an 8.7 mm (SD ± 1.6) increase in height of the grafted area was
accomplished using the mentioned MSFE.

Table 1. Alveolar tissue height measurements on panoramic radiographs (in true mm) in five patients in
whom a maxillary sinus floor elevation (MSFE) procedure was performed with a mixture of autogenous
bone from the maxillary tuberosity and Straumann® Bone Ceramic (60:40) and 6 months healing time.

Patient (N) Gender/Age Implant Site T0 T1 Increase T2 T3 T4

1 M/53
15 8.0 16.2 8.2 16.1 16.2 16.0

16 6.1 14.1 8.0 15.0 15.0 15.0

2 M/70
16 6.8 14.8 8.0 16.0 13.7 15.6

17 3.6 12.4 8.8 14.0 13.3 12.1

3 M/68

14 5.6 11.5 5.9 12.1 11.3 10.4

15 4.6 14.1 9.5 14.1 13.0 12.9

16 4.3 14.1 9.8 14.2 12.7 12.6

4 F/64
15 9.3 17.1 7.8 16.8 14.1 14.0

16 6.0 14.9 8.9 16.9 15.8 15.7

5 M/51
16 9.0 18.1 9.1 17.6 16.2 NA

17 5.8 18.0 12.2 16.0 16.7 NA

Mean 61.2 - 6.3 15.0 8.7 15.3 14.4 13.8

SD - - 1.9 2.1 1.6 1.6 1.7 1.9

M, male; F, female; age in years at biopsy retrieval; tissue height corrected for magnification (×1.25) on panoramic
radiograph; T0: (native bone height) preoperative alveolar bone height; T1: directly after MSFE procedure; T2:
immediately after dental implant placement (6 months after MSFE); T3: 1 year after dental implant placement; T4:
5 years after dental implant placement; NA: not available.

The measured tissue height appeared to be stable between 1- and 5-years follow-up (Figure 2).
The results of the present study (6-month mixed graft) when compared with the results of our former
MSFE procedures with pure BCP, also show a stable gain in tissue height (a total of four studies).

An overview of the results of the present study (6-months mixed graft) and the results of previously
reported studies with pure BCP after 6-, 9- and 12 months healing time [12,44] is shown in Table 2.
Comparing the results, the gained tissue height appears to be stable in all four studies.

Table 2. Alveolar tissue height measurements on panoramic radiographs (in true mm), overview of
the mean values of the 6-month mixed graft group, autogenous bone mixed with Straumann® bone
ceramic (60:40), compared to the 6-, 9- and 12-month results with pure Straumann® bone ceramic
(60:40), as previously published, in a maxillary sinus floor elevation (MSFE) procedure. Tissue height
corrected for magnification (×1.25) on panoramic radiographs.

Patient Group T0 T1 Increase T2 T3 T4

6-month mixed 6.3 14.8 8.7 15.3 14.4 13.8

6-month (*) 6.5 15.2 8.7 14.6 13.4 NA

9-month (**) 6.4 13.9 7.5 14.1 13.3 13.2

12-month (**) 4.4 13.8 9.3 13.6 13.4 13.8

T0: (native bone height) preoperative alveolar bone height; T1: directly after MSFE procedure; T2: immediately after
dental implant placement; T3: 1 year after dental implant placement; T4: 5 years after dental implant placement;
NA: not available. * Study by Frenken et al. (2010) [12]; ** Study by Bouwman et al. (2017) [46].
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Figure 2. Mean alveolar tissue height (in true mm) over a 5-year period in five patients in whom a
maxillary sinus floor elevation procedure was performed with autogenous bone from the maxillary
tuberosity and Straumann® bone ceramic (60:40) with 6 months healing period. T0: (native bone
height) preoperative alveolar bone height (SD ± 1.9); T1: directly after a maxillary sinus floor elevation
(MFSE) procedure (SD ± 2.1); T2: immediately after dental implant placement (6 months after an
MSFE; SD ± 1.6); T3: 1 year after dental implant placement (SD ± 1.7); T4: 5 years after dental implant
placement (SD ± 1.9).

3.3. Qualitative Histological Evaluation

The histological evaluation in six biopsy specimens was executed on the complete section,
comprising native bone, newly formed bone and residual graft material. BCP particles were scattered
and detected throughout the entire biopsy from caudal to cranial (Figures 3 and 4a). The BCP particles
were surrounded by connective tissue, osteoid islands and newly formed bone. The newly formed bone
comprised of both woven and lamellar bone; it appeared as vital bone tissue containing osteoblasts,
osteoid covering the border of BCP and osteocytes inside bone lacunae (Figure 4b). No inflammatory
cells in the tissue adjacent to the bone substitute particles were found during histological analysis.
Bone marrow-like tissue, including blood vessels, was observed in between the bone trabeculae.
Fragments of the BCP particles as shown by Von Kossa staining showed in four biopsies <25% of BCP,
in one biopsy 25%–50% of BCP and in one biopsy 50%–75% of BCP. The presence of >75% of BCP
fragments was not detected.

3.4. Quantitative Histomorphometric Evaluation

Table 3 shows the individual histomorphometric indices. An average vital bone volume of 29.9%
(BV/TV) was measured in the complete biopsies (SD ± 10.1) of which 7.1% (OV/BV, SD ± 4.8) was
osteoid. The osteoid surface (OS/BS) covered 26.0% (SD ± 13.4) of the bone surface. The BS/TV covered
4.7 mm2/mm3 (SD ± 2.3). As can be read from Table 3, Patient #4 had extremely high values for
trabecular bone volume (BV/TV and Tb.Th.). This high BV/TV is in accordance with the high T0 value,
most likely caused by an oblique section of the cortical maxillary sinus wall (Table 1). A low bone
surface (BS/TV: 2.2 mm2/mm3) and a high osteoid thickness (O.Th: 481.9 μm) were observed in the
bone biopsy of patient #5 (Table 3).
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Figure 3. Increased bone formation following the shape of the grafted particles in a maxillary bone
biopsy after a maxillary sinus floor elevation procedure from a patient with autogenous bone mixed with
Straumann® bone ceramic (60:40) after 6 months healing time, stained with Goldner trichrome staining.
No Howship’s lacunae could be detected on the characteristic outlines of the calcium phosphate
particles. (original magnification ×100).

 
(a) 

 
(b) 

Figure 4. (a) Overview of an example of a bone biopsy from the maxilla of a patient, 6 months after
a maxillary sinus floor elevation procedure using a mixture of autogenous bone and Straumann®

bone ceramic (60:40), stained with Goldner trichrome staining. Bone is scattered throughout the
entire biopsy (original magnification ×10). (b) Overview of a not previously shown bone biopsy
from the maxilla of a patient, 6 months after a maxillary sinus floor elevation procedure using pure
Straumann® bone ceramic (60:40) as studied by Frenken et al. [12], stained with Goldner trichrome
staining. Bone formation at the first 3 mm immediately cranially from the former floor of the maxillary
sinus (original magnification ×10).
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Table 3. Histomorphometric evaluation of the six biopsies from five patients in whom a maxillary
sinus floor elevation (MSFE) procedure was performed with a mixture of autogenous bone from the
maxillary tuberosity and Straumann® bone ceramic (60:40) after 6 months healing time.

Patient
(N)

Gender/Age
Biopsy

Location
BV/TV

(%)
BS/TV

(mm2/mm3)
Tb.Th
(μm)

OV/BV
(%)

OS/BS
(%)

O.Th
(μm)

N.Oc/BPM
1/mm2

1 F/53 16 40.5 2.4 335.8 6.9 38.8 342.2 0.62

2 M/70 16 29.2 6.8 85.5 3.2 11.1 10.7 1.52

3 M/68 14 19.7 6.9 57.5 7.6 17.9 11.6 -

- - 15 29.3 6.5 91.2 3.5 12.9 11.7 2.54

4 F/64 15 42.4 3.5 290.0 5.1 35.3 97.5 1.91

5 M/51 16 18.3 2.2 163.4 16.3 39.8 481.9 1.58

mean - - 29.9 4.7 170.6 7.1 26.0 159.3 1.79

SD - - 10.1 2.3 116.6 4.8 13.4 203.5 0.5

M, male; F, female; age in years at biopsy retrieval; BV/TV: vital bone volume/total volume; BS/TV: bone surface/total
volume; Tb.Th: trabeculae thickness; OV/BV: osteoid volume/vital bone volume; OS/BS: osteoid surface/bone surface;
O.Th: osteoid thickness; N.Oc/BPM: number of osteoclasts per bone perimeter.

Table 3 shows the individual histomorphometric indices. An average vital bone volume of 29.9%
(BV/TV) was measured in the complete biopsies (SD ± 10.1) of which 7.1% (OV/BV, SD ± 4.8) was
osteoid. The osteoid surface (OS/BS) covered 26.0% (SD ± 13.4) of the bone surface. The BS/TV covered
4.7 mm2/mm3 (SD ± 2.3). As can be read from Table 3, Patient #4 had extremely high values for
trabecular bone volume (BV/TV and Tb.Th.). This high BV/TV is in accordance with the high T0 value,
most likely caused by an oblique section of the cortical maxillary sinus wall (Table 1). A low bone
surface (BS/TV: 2.2 mm2/mm3) and a high osteoid thickness (O.Th: 481.9 μm) were observed in the
bone biopsy of patient #5 (Table 3).

An overview of the histomorphometric findings from the present study (6-months mixed graft) and
previously reported studies with pure BCP after 6-, 9- and 12 months healing time is shown in Table 4.
A non-parametric Kruskal–Wallis test showed significant differences between OS/BS (p = 0.0233) and
Tb.Th. (p = 0.0244). Other tested histomorphometric indices (BV/TV, OV/BV, and N.Oc/BPM) were
not different.

Table 4. Histomorphometric evaluation of the total section: overview of the mean values of the 6-month
mixed graft group (autogenous bone mixed with Straumann® bone ceramic (60:40)) compared to the
6-, 9- and 12-month results with pure Straumann® bone ceramic (60:40), as previously published, in a
maxillary sinus floor elevation procedure.

Patient Group
BV/TV

(%)
SD
±

BS/TV
(mm2/mm3)

SD
±

Tb.Th
(μm)

SD
±

OV/BV
(%)

SD
±

OS/BS
(%)

SD
±

O.Th
(μm)

SD
±

N.Oc/BPM
1/mm2

SD
±

6-month mixed 29.9 10.1 4.7 2.3 170.6 116.6 7.1 4.8 26.0 13.4 159.3 203.5 1.79 0.5

6-month (*) 27.3 4.9 4.5 1.1 132.1 38.4 7.5 4.3 41.3 28.5 13.3 4.7 1.1 1.3

9-month (**) 35.2 9.5 4.2 1.9 224.7 150.0 8.8 3.8 42.4 12.1 93.9 135.8 1.8 1.1

12-month (**) 28.2 3.2 8.3 1.3 66.7 5.4 3.4 2.5 8.2 5.3 13.6 1.0 *** -

BV/TV: vital bone volume/total volume; BS/TV: bone surface/total volume; Tb.Th: trabeculae thickness; OV/BV:
osteoid volume/vital bone volume; OS/BS: osteoid surface/bone surface; O.Th: osteoid thickness; N.Oc/BPM: number
of osteoclasts per bone perimeter. * Study by Frenken et al. (2010) [12]; ** Study by Bouwman et al. (2017) [46];
*** N.Oc/BPM not measured as an insignificant number of osteoclasts were available.

4. Discussion

Addition of Straumann® bone ceramic (60:40; BCP) to autogenous bone did not seem to improve
the outcome after 6 months healing time compared to the use of pure BCP in an MSFE, as demonstrated
by histomorphometric analyses in the five patients included in the present study. Histomorphometric
indices show a high variability, which in most cases can be explained individually. For instance,
an oblique section of the cortical maxillary sinus wall could explain, to some extent, the variability
mentioned. Compared to autogenous bone, for each biomaterial or combination of graft materials in
a maxillary sinus floor elevation (MSFE) procedure a significant lower BV/TV was found (reference
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value 41% for autogenous bone) [53]. The autogenous bone graft, in the present study was harvested
from the maxillary tuberosity, at the same side as the MSFE procedure was performed, implicating no
extra or at least far less morbidity for the patient. However, the disadvantages of a second surgical
procedure of harvesting a bone graft should also be taken into account. This disadvantage remains in
the situation of a mixed graft, consisting of autogenous bone and a bone substitute.

Since the procedures in this study were similar to the procedures in the previously reported studies
using pure BCP as a bone substitute in an MFSE procedure [12,32], it was possible to compare the
histomorphometric findings. This analysis showed a difference for trabecular thickness (Tb.Th.) and
osteoid surface (OS/BS) but not for the other parameters (BV/TV, OV/BV, and N.Oc/BPM). The osteoid
surface suggested a gradual decrease over healing time for pure BCP while the 6-months mixed graft
group did not fit in this pattern, which suggests a different healing pattern. Surprisingly, the presence
of autogenous bone in the graft does not seem to result in a higher bone volume at 6-months healing
time. According to Klijn et al. [9], a healing time of 6 months may not show the ultimate favorable
effect in bone regeneration procedures.

In this study, no dental implants were lost during the 5-year follow-up. A minimum native bone
height of 4 mm was chosen as a prerequisite to ensure primary stability and high survival rates of
the dental implants [12,46] after an MSFE procedure with a bone substitute, regardless of the type
of graft used. Klijn et al. indicated that the measured bone volumes are higher in the first stage of
healing (first 4.5 months) and in the later stages of healing after 9 months, which indicates that our
study design of 6 months healing time does not entirely demonstrate the advantage of adding a bone
substitute to autogenous bone. It should, however, be stressed that an MSFE procedure using pure
autogenous bone provides a higher vital bone volume after 6 months if a block graft is used compared
to a particulate graft or a mixed graft of autogenous bone with a bone substitute [9]. This is also
confirmed by meta-analyses on histomorphometric outcome of bone substitutes and autogenous bone
grafts in various combinations. Altogether, autogenous bone (and if needed a mixture of autogenous
bone with BCP) is superior in terms of the amount of the newly formed bone.

The low number of patients (n = 5) in this study was considered a limitation since quantitative
histomorphometric data may be less reliable. Indeed, the histomorphometric indices do not always
show a clear difference between pure BCP and autogenous bone mixed with BCP. However,
qualitative assessment, in contrast, demonstrated consistently a different distribution of bone
throughout all biopsies. In the 6-months mixed graft group bone matrix was scattered throughout the
entire biopsy with a slightly less dense trabecular pattern in the centers of the grafted area, while in the
6-months pure BCP group a concentration of bone formation at the first 3 mm immediately cranially
from the former floor of the maxillary sinus and less bone in the center of the graft was seen. This
might be beneficial for bone-to-implant contact (BIC).

Dental implants are endosseous implants, which implicates that the implant should be anchored
in and surrounded by vital bone for a stable result with a high (and long lasting) survival rate. In that
respect the presence of vital bone over a larger area in grafted sites is important for the longevity of the
dental implants to be inserted later. In this study, a minimal native bone height of 4 mm was required
to achieve a good primary stability after the MSFE procedure. Using 100% autogenous bone in the
MSFE procedure could shorten the healing time to 4 months and would result in a better BIC. If no
or not enough autogenous bone is available, alternatively a bone substitute could be added in the
MSFE procedure to achieve a good BIC. However, longer healing times (6-, 9- or 12 months studies)
should be respected. In our previous studies with pure BCP the optimal healing time seemed to be
9 months, based on the BV/TV, Tb.Th. and O.Th. observed [45]. In cases with less than 4 mm native
bone height, an autogenous bone graft is preferably used in an MSFE procedure. If the availability
of autogenous bone is limited, it may be considered to use a mixture of autogenous bone and bone
substitute to achieve on the one hand a larger graft volume and on the other hand a larger bone volume,
that approximates the bone volume in case a full autogenous bone graft is used. The newly formed
bone in the present mixed graft study was observed throughout the entire biopsy, suggesting a large
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BIC after 6 months. However, the consequences of these findings for dental implant survival still have
to be unraveled.

5. Conclusions

Based on clinical, radiological, histological and histomorphometric analyses in this study with
five patients, the use of an autogenous bone graft mixed with a biphasic calcium phosphate (BCP)
in a maxillary sinus floor elevation procedure does not result in a higher bone formation, compared
with the results of previously reported studies with pure BCP. However, a better distribution of
new bone was seen throughout the entire augmented area, which might eventually improve the
bone-to-implant contact.
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Abbreviations

ASBMR American Society for Bone and Mineral Research
BCP biphasic calcium phosphate
BIC bone-to-implant contact
BPM bone perimeter
BV/TV bone volume/total volume
BS/TV bone surface/total volume
C.M.T.B. Christiaan M. ten Bruggenkate
CE Conformité Européenne
HA hydroxyapatite
MSFE maxillary sinus floor elevation
NA not available
N.Oc number of osteoclasts
O.Th osteoid thickness
OS/BS osteoid surface/bone surface
OV/BV osteoid volume/bone volume
SBC Straumann® Bone Ceramic
Tb.Th trabecular thickness
TRAP tartrate resistant acid phosphate
β–TCP β–tricalcium phosphate
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Abstract: Bone morphogenetic protein-4 (BMP-4) is engaged in the migration ability of mesenchymal
stem cells and the transition of mesenchymal stem cells into osteogenic and adipocytic lines.
The aim of this study was to evaluate the effects of BMP-4 on the cellular viability, osteogenic
differentiation, and genome-wide mRNA levels using three-dimensional cell spheroids composed
of stem cells. Stem cell spheroids were formed using concave microwells in the presence of BMP-4
with final concentrations of 0, 2, 6, and 10 ng/mL. Cellular viability was measured qualitatively
using a microscope and quantitatively using an assay kit based on water-soluble tetrazolium salt.
Osteogenic differentiation was assessed by measuring the level of alkaline phosphatase activity.
Global gene expression was assessed using next-generation mRNA sequencing and performing gene
ontology and pathway analyses. Spheroids were well-maintained with the addition of BMP-4 up to
Day 7. No significant differences were observed in cell viability between each group. There were
significantly higher alkaline phosphatase values in the 2 ng/mL BMP-4 groups when compared with
the control (p < 0.05). A total of 25,737 mRNAs were differentially expressed. Expression of β-catenin
(CTNNB1) was increased with higher dosages of BMP-4. The expression of runt-related transcription
factor 2 (RUNX2) was increased up to 6 ng/mL. The phosphoinositide-3-kinase–protein kinase B/Akt
signaling pathway was associated with the target genes. This study demonstrates that the application
of BMP-4 enhanced alkaline phosphatase activity and the expression of CTNNB1 and RUNX2 without
affecting cellular viability.

Keywords: bone morphogenetic protein 4; cell differentiation; cellular spheroids; gingiva osteogenesis;
stem cells

1. Introduction

Mesenchymal stem cells (MSCs) are multipotent cells that can differentiate into the mesenchymal
lineage and easily cultured in vitro [1]. A previous study demonstrated that stem cell spheroids of
various sizes could be generated from gingival cells using microwells and that the shape and viability
of the spheroids could be maintained [2]. Furthermore, cell spheroids made from gingival cells
and osteoblast cells were able to maintain shape, viability, and osteogenic differentiation ability [3].
Stem cell therapy has been of great interest in recent years [4]. A two-dimensional culture has long
been applied for the evaluation of viability and functionality of stem cells [3]. In more recent years,
three-dimensional cultures have been used by applying various methods including the hanging drop
method, bioreactor, capsules, and microwells [5]. Three-dimensional cultures have been reported
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to mimic the in vivo situation more closely [6]. A three-dimensional culture can be categorized by
scaffold-based or scaffold-free application [7]. Three-dimensional spheroids can be made of a variety
of cells including stem cells with the scaffold-free technique [8]. Spheroids can be used to obtain an
overall enhancement in therapeutic potential by improving survival, stemness, angiogenic properties,
and anti-inflammatory effects [9].

Bone morphogenetic proteins (BMPs) are powerful growth factors in the transforming growth factor
beta superfamily [10]. More than twenty members with various functions have already been identified
in humans, with roles in processes such as skeletal formation, hematopoiesis, and neurogenesis [11].
These BMPs are soluble local-acting signaling proteins that may behave in an endocrine, paracrine,
or autocrine manner [12]. BMP-4 may be involved in various functions, including enhancing the
migration ability of mesenchymal stem cells and the transition from mesenchymal stem cells into
the osteogenic and adipocytic lines [13,14]. BMP-4 may act as an important regulator for proper
reproductive tissue development [15]. Moreover, BMP-4 is reported to be involved in postnatal tooth
cytodifferentiation [16]. BMP-4 has been suggested as a coating material for titanium implants [17].
To the best of the authors’ knowledge, there are no previous studies evaluating the effects of BMP-4 on
the cell spheroids composed of gingiva-derived stem cells using microwells. In light of the promising
findings in previous studies on BMP-4, the aim of the present study was to evaluate the effects of
BMP-4 on cellular viability, osteogenic differentiation, and genome-wide mRNA levels using stem
cell spheroids.

2. Materials and Methods

2.1. Formation of Cell Spheroids with Gingiva-Derived Stem Cells

Cell spheroids were made of gingiva-derived mesenchymal stem cells using the concave microwells
made of silicone elastomer having 600 μm diameters (H389600, StemFIT 3D; MicroFIT, Seongnam,
Korea). The number of cells loaded in each well was 1 × 106. We obtained approval from the
Institutional Review Board at Seoul St Mary’s Hospital, Seoul, Korea (KC20SISE0695), and informed
consent was obtained from the participant. Cell spheroids made were treated with BMP-4 (ProSpec,
Ness-Ziona, Israel) at 0, 2, 6, and 10 ng/mL concentrations. The morphological changes in cell spheroids
were observed under an inverted microscope (Leica DM IRM, Leica Microsystems, Wetzlar, Germany).
The changes in the spheroids’ diameter were evaluated on Days 1, 3, 5, and 7. The diameter of the
spheroids was determined as described in a previous study [18]. Figure 1 diagrams the overall design
of the study.

Figure 1. Schematic overview of the present study’s design.

2.2. Evaluation of Cellular Viability

Qualitative analysis of the cell spheroids for cellular viability was done using the Live/Dead assay
kit (Molecular Probes, Eugene, OR, USA). These spheroids were washed twice with the growth media
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before calcein acetoxymethyl (Molecular Probes) and ethidium homodimer-1 (Molecular Probes) were
added for an incubation period of 30 min at room temperature. Then, the spheroids were evaluated
using a fluorescence microscope (Axiovert 200; Zeiss, Oberkochen, Germany) on Days 3 and 7.

Quantitative analysis of cell viability was performed using the cell counting kit-8 (CCK-8; Dojindo,
Tokyo, Japan) on Days 1, 3, 5, and 7. WST-8 solution was added to the stem cell spheroids, which were
then cultured for 45 min at 37 ◦C. Absorbance was measured using a microplate reader at 450 nm
(BioTek, Winooski, VT, USA).

2.3. Evaluation of Osteogenic Differentiation Using Alkaline Phosphatase Activity Assays

Cell spheroids were grown in osteogenic medium and were collected on Days 1, 3, 5, and 7.
A commercially available alkaline phosphatase assay kit (K412-500, BioVision, Inc., Milpitas, CA, USA)
was used for the evaluation of osteogenic differentiation. In short, the resultant supernatant was mixed
and incubated with p-nitrophenyl phosphate substrate (BioVision, Inc.) for 40 min at room temperature.
Absorbance was measured using a microplate reader at 405 nm (BioTek, Winooski, VT, USA).

2.4. Sequencing of mRNA, Gene Ontology, and Pathway Analysis

Construction of a library of RNAs was performed using the SENSE mRNA-Seq Library Prep Kit
(Lexogen, Inc., Vienna, Austria). Briefly, 2 μg of total RNA was processed and incubated with oligo-dT
magnetic beads, after which other RNAs except mRNA were eliminated with a washing solution.
Random hybridization of starter/stopper heterodimers was applied to the poly(A)RNA still bound to
the magnetic beads in order to produce libraries. These heterodimers consisted of Illumina-compatible
linker sequences. A single-tube reverse transcription and ligation reaction was applied to extend the
starter to the next hybridized heterodimer. Then, the newly synthesized cDNA insert was bound with
the stopper. The release of the library from the beads was done by second-strand synthesis. The library
was amplified afterward and bar codes were introduced. High-throughput sequencing was done using
HiSeq 2500 (Illumina, San Diego, CA, USA) as paired-end 100 bp sequencing.

Software tools (TopHat, Toronto, ON, Canada) were used to map RNA-Seq reads.
Transcript assembly and detection of differentially expressed genes or isoforms were performed
from the alignment file using cufflinks [19]. The quantile normalization method was used
for comparison between samples [20]. Functional gene classification was done using Medline
databases (http://www.ncbi.nlm.nih.gov/), DAVID (http://david.abcc.ncifcrf.gov/), GenMAPP (http:
//www.genmapp.org/), and BioCarta (http://www.biocarta.com/) [21]. Pathway analysis was performed
on differentially expressed genes [22]. A fold-change of 1.3 and a log2-normalized read count of 4 were
the thresholds applied for this study [23].

2.5. Statistical Analysis

All statistical analysis was performed using SPSS 12 for Windows (SPSS Inc., Chicago, IL, USA).
A one-way analysis of variance with Tukey’s post-hoc test was used to evaluate the differences between
each group after performing a test of normality. A p-value less than 0.05 was set as the threshold for
statistical significance.

3. Results

3.1. Formation of Cell Spheroids with Human Gingiva-Derived Stem Cells

Spheroids were well-established in each microwell on Day 1 (Figure 2). Furthermore, no noticeable
changes in the shape of the cell spheroids were observed with the addition of BMP-4 at concentrations
of 2, 6, or 10 ng/mL. There were no noticeable changes at the longer culturing times. The spheroid
diameters are shown in Figure 3. There was a general decrease in the diameter of the spheroids with
longer incubation time.
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Figure 2. Spheroid morphology on Days 1, 3, 5, and 7. The scale bar indicates 200 μm.

Figure 3. Diameter of the spheroids on Days 1, 3, 5, and 7. The spheroids were treated with BMP-4 at
concentrations of 0, 2, 6, or 10 ng/mL.

3.2. Determination of Cellular Viability

Figure 4A shows qualitative results for the viability of cell spheroids at Day 3 using a Live/Dead
assay kit (Figure 4A). In all cases, the cells in the spheroids produced intense green fluorescence.
Red fluorescence was partly noted around the boundary of the spheroids. No significant differences
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were noted at Day 7 when compared with results of Day 3 (Figure 4B). Figure 4C shows the quantitative
results for cellular viability on Days 1, 3, 5, and 7. No significant differences were observed among the
groups on Day 1 (p > 0.05). In general, there were no significant differences among the groups with
longer incubation times.

(A) 

Figure 4. Cont.
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(B) 

(C) 

Figure 4. (A) Optical, live, dead, and merged images of stem cell spheroids on Day 3. The scale bar
indicates 200 μm. (B) Results of optical, live, dead, and merged images of stem cell spheroids on Day
7. The scale bar represents 200 μm. (C) Cellular viability using CCK-8 assay on Days 1, 3, 5, and 7.
* Statistically significant differences were noted when compared with the 2 ng/mL group on Day 1
(p < 0.05).

3.3. Evaluation of Alkaline Phosphatase Activity Assay with the Addition of BMP-4

The results of the alkaline phosphatase activity assay at Days 1, 3, 5, and 7 are presented in
Figure 5. In general, there were increases in the alkaline phosphatase activity with longer incubation
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time up to Day 7. Notably, the group treated with 2 ng/mL BMP-4 at Day 3 had a significantly higher
activity compared with that of the control group at Day 3 (p < 0.05).

3.4. Gene Ontology

A total of 25,737 mRNAs were differentially expressed. Scatter plots of the differentially expressed
mRNAs are shown in Figure 6. A Venn diagram of the gene ontology analysis of differentially expressed
mRNAs is shown in Figure 7. When compared with the 0 ng/mL control group, 1270 mRNAs were
upregulated and 1070 mRNAs were downregulated in the 2 ng/mL group. In the 6 ng/mL group,
1536 mRNAs were upregulated and 1889 mRNAs were downregulated compared to controls. In the
10 ng/mL group, 1525 mRNAs were upregulated and 1533 mRNAs were downregulated compared to
controls. A clustering analysis of differentially expressed mRNAs related to osteoblast differentiation
is shown in Figure 8. The changes in expression of RUNX2 and CTNNB1 are shown in Figure 9.
While the expression of CTNNB1 was increased dose-dependently, the expression of RUNX2 was
highest at 6 ng/mL and the expression decreased at the higher dose of 10 ng/mL (Figure 9A,B).
The phosphoinositide-3-kinase–protein kinase B/Akt (PI3K/AKT) signaling pathway was involved in
the target genes chosen for stem cell differentiation (Figure 10).

Figure 5. Alkaline phosphatase activity on Days 1, 3, 5, and 7. * Statistically significant differences
were noted when compared with the 0 ng/mL group on Day 3 (p < 0.05).
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Figure 6. Scatter plots showing the expression of BMP-4 at 0, 2, 6, and 10 ng/mL (x, y-axis:
Relative expression level; red indicates that the expression level of the y-value is higher than that of the
x-value and green indicates that the expression level of the y-value is lower than that of the x-value).
(A) 2/0, (B) 6/0, (C) 10/0, (D) 6/2, (E) 10/2, and (F) 10/6 ng/mL.

Figure 7. Venn diagram analysis (fold change, 1.3, log2-normalized read counts of 4 were selected).
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Figure 8. The results of clustering analysis of differentially expressed mRNAs related to osteoblast
differentiation (fold change 1.3, log2-normalized read counts of 4 were selected).
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(A) 

(B) 

Figure 9. (A) Log2-normalized read counts regarding the expression of RUNX2 and CTNNB1. (B) Log2
fold change regarding the expression of RUNX2 and CTNNB1.
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Figure 10. PI3K-AKT signaling pathway.

4. Discussion

In this study, we examined the effects of BMP-4 on stem cell spheroids under predetermined
concentrations of 2, 6, and 10 ng/mL and found that the application of BMP-4 increased alkaline
phosphatase activity and the expression of RUNX2 and CTNNB1 without affecting cellular viability.

BMP-4 is reported to act as a regulator for osteogenic differentiation and has been shown to induce
endochondral and intra-membranous bone formation [12,24]. In a previous report, BMP-4 carried
by liposomes seemed to improve the healing process in alveolar bone [25]. Similarly, the expression
of BMP-4 appeared to be associated with normal bone homeostasis and the remodeling of grafted
and nongrafted maxillary sites [26]. Additionally, BMP-4 induced osteogenic differentiation of mouse
skin-derived fibroblasts and dermal papilla cells [24]. Furthermore, a study testing the effects of
abnormal BMP-4 expression in the blood of diabetic participants found that low expression of BMP-4
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hindered the osteogenic function of bone marrow-derived stem cells [27]. This study also clearly showed
that BMP-4 increased osteogenic differentiation of stem cell spheroids composed of gingiva-derived
mesenchymal stem cells.

The effects of BMP-4 concentration were tested in previous reports [24,28–32]. Application of
20 ng/mL BMP-4 to primary osteoblastic cells derived from the calvaria resulted in an enhancement in
fibronectin synthesis [28]. Treatment with 70 ng/mL of BMP-4 stimulated vascular endothelial growth
factor (VEGF) synthesis in osteoblasts [29]. Similarly, the use of 30 ng/mL BMP-4 was associated with
an increase in osteoprotegerin synthesis in osteoblast-like MC3T3-E1 cells [30]. At a concentration of
50 ng/mL, BMP-4 induced osteogenic differentiation of mouse skin-derived fibroblasts and dermal
papilla cells [24]. Treatment with 500 ng/mL BMP-4 resulted in in vitro osteogenic differentiation of
C2C12 cells derived from mouse muscle [31]. Primary human mesenchymal stem cells were treated
with 100, 200, or 500 ng/mL BMP-4 and cells were stained with Alizarin red to detect calcium deposition,
and the results showed that the 500 ng/mL dose produced the highest value [32]. Moreover, MG63 and
Sao2 osteosarcoma cell lines were treated with 25 ng/mL BMP-4 to evaluate the cell cycle distributions,
and the results showed that BMP-4 seemed to increase the percent of cells in the G0/G1 phases and
decrease the percent of cells in the synthetic and/or G2/M phases [33]. This study showed that the
application of 2 or 6 ng/mL BMP-4 could increase the osteogenic differentiation of stem cell spheroids
and the expression of related genes. The variety of effects seen across concentrations may be partly
due to the differences in cell types, culture conditions, and culture times [34,35].

In a previous report, modification of the roughened anodized titanium implant was done by wet
coating with growth factors [36]. In another study, the coating of the titanium implants was obtained
by absorption of growth factors after coating the surface with the collagen [17]. The results showed
that coating with collagen, chondroitin sulphate, and BMP-4 showed the highest bone-to-implant
contact. Enhanced coating can be obtained by applying various methods including chemical bonding,
polymer layer, and covering layer [37].

BMP-4 has been proposed to act on various pathways [38–40]. A previous report showed that
BMP-4 affected the osteogenic differentiation and mineralization of bone marrow-derived stem cells
through Wnt/β-catenin activation [38]. This study suggested the involvement of the PI3K/AKT pathway,
and a previous report showed that the mineralization of osteoblasts occurred through the PI3K/AKT
pathway [40].

Sequencing was performed to measure genome-wide mRNA expression levels and to investigate
the possible mechanisms behind the observed effects of BMP-4. RUNX2 and CTNNB1 (which affect
β-catenin expression) are major regulators for osteoblastic lineage [41,42]. RUNX2 is reported to be
essential for osteogenic differentiation and is weakly expressed in uncommitted mesenchymal cells but
shows up-regulated expression in preosteoblasts [43]. The expression of the osteoblast marker gene
RUNX2 was significantly up-regulated in cell spheroids composed of adipose-derived stem cells [44].
β-catenin is reported to be involved in activation of the osteogenic-related signaling pathway [45,46].
β-catenin is also reported to control the differentiation of bone-forming osteoblasts and bone-resorbing
osteoclasts [47]. Furthermore, β-catenin is involved in mediating the viability of osteoblasts [48].
In this report, expression levels of both CTNNB1 and RUNX2 were up-regulated with the application
of BMP-4. The focusing on RUNX2 and CTNNB1 expression with agonists may produce enhanced
functionality. BMP-4 can be suggested as a coating material for the stem cell culture for enhancing for
osteogenic differentiation [49]. Moreover, spheroids can be made with stem cells mixed with BMP-4 or
impregnated with BMP using fibers [50].

5. Conclusions

This study evaluated the effects of BMP-4 on cellular viability, osteogenic differentiation, and global
mRNA expression using stem cell spheroids composed. Together, these results revealed that the
application of BMP-4 increased alkaline phosphatase activity and CTNNB1 and RUNX2 expression
without affecting cellular viability. Based on this research, the coating with BMP-4 can be applied
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when stem cells are utilized. BMP-4 can be suggested as a coating material for stem cell cultures.
Spheroids impregnated with BMP-4 can be suggested for the bone regeneration field as stem cell therapy.
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Abstract: Diabetic osteoporosis (DOP) is characterized by impaired bone microstructure and reduced
bone density resulting from high glucose levels. Curcumin (CURC) is extensively applied in the
treatment of inflammation-associated diseases. However, the effect of curcumin on bone metabolism
in diabetic osteoporosis is unclear. Therefore, this study investigated the optimal concentration of
curcumin on enhancing osteogenesis in diabetic osteoporosis. Osteoblasts were treated with a high or
low concentration of curcumin under a series of concentrations of high-glucose conditions. Type 2
diabetic mice were intervened with curcumin. Cell proliferation, apoptosis, and osteogenesis-related
gene expressions were evaluated by CCK-8, flow cytometry, and real-time quantitative reverse
transcription polymerase chain reaction (RT-qPCR). Bone formation was evaluated by histological
staining. The findings revealed that curcumin suppressed apoptosis and enhanced proliferation and
osteogenesis-related gene expressions of osteoblasts under high glucose concentrations (p < 0.05).
The histological sections displayed reduced bone destruction and increased the growth rate of
trabecular bone and the bone density of diabetic mice treated with curcumin, compared to diabetic
mice. These results showed that curcumin could reverse the harmful effects of diabetic osteoporosis in
a dose-dependent manner, and 10 μmol/L was regarded as the optimal concentration, which supports
the potential use of curcumin for bone regeneration under high glucose concentrations.

Keywords: curcumin; high glucose; osteogenesis; bone formation; diabetic osteoporosis

1. Introduction

Diabetes mellitus is characterized by hyperglycemia caused by decreased insulin sensitivity
or insulin deficiency [1], which has been regarded as a significant risk factor that threatens human
health. Based on the statistical reports from the International Diabetes Federation (IDF), approximately
451 million diabetic patients suffered from diabetic complications in 2017 [2]. More seriously, the number
is predicted to significantly increase to 590 million by 2035. Among various diabetic complications,
diabetic osteoporosis (DOP) results in low bone mass, impaired bone microstructure, and reduced
bone mineral density (BMD) [3,4]. Research has demonstrated a more than 60% higher incidence of
bone fracture in diabetic patients than that of unaffected patients [5–7]. More importantly, the delayed
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union of bone fracture after surgery in clinic severely affects patients’ physical function and even
mental health.

The traditional method for the therapy of type 2 diabetes mellitus is to inject insulin to reduce
blood glucose levels, but therapy has hardly promoted bone formation [8]. Polypeptides, hormones,
and genes are also used locally as bioactive molecules to enhance bone formation. However, the
instable status, risk of an immunological inflammatory response, and the high cost of these molecules
need to be carefully studied [9–11].

Recent investigations have focused on natural components that have no related side effects and
promote osteoimmunomodulation at low cost [12]. Curcumin (CURC), derived from the plant Curcuma
longa, is a bioactive component of turmeric with the ability to modulate the immune system [13].
Although curcumin has poor water solubility and low bioavailability and stability, some studies
have confirmed that drug carriers such as proteins, polymeric particles, and polylactic-glycolic acid
copolymer (PLGA) microspheres can effectively solve this problem and give full play to its antioxidant,
anti-inflammatory, and anti-hyperglycemic properties [14–18]. Natural or chemically modified
curcumin could upregulate insulin sensitivity and reduce glucose and glycosylated hemoglobin
levels, which has great potential as an alternative therapeutic option for diabetes mellitus and its
complications [19,20]. More importantly, it is reported that curcumin could suppress osteoclast activities
by inhibiting the expression of transcription factor AP-1 [21]. Moreover, curcumin, in combination
with insulin, inhibits alveolar bone loss of experimental periodontitis in diabetic rats [22].

Although several studies have reported the effect of curcumin on diabetic bone formation [23,24],
there is a lack of scientific information on the concentration of curcumin and its toxicity.
The concentration of glucose in vitro has also not been systematically investigated. Thus, it is
important to confirm the optimal concentration of curcumin and its effect on osteogenesis under a
series of high glucose concentrations.

Therefore, our study investigated the optimal concentration of curcumin, its toxicity, and osteogenic
effect on osteogenesis of osteoblasts under a series of glucose concentrations in vitro. The bone
density and growth rate of type 2 diabetic mice in the presence of curcumin were evaluated by
histological sections.

2. Materials and Methods

2.1. In Vitro Analysis

2.1.1. Cell Culture

Mouse osteoblast precursor MC3T3 cells were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA) and cultured in α-MEM (Hyclone Laboratories, Inc., Logan, UT, USA)
containing 10% fetal bovine serum (FBS) (Gemini Bio-Products, West Sacramento, CA, USA) and 1%
streptomycin (Hyclone). Osteogenic differentiation medium contained 10% FBS, 1% streptomycin, 1%
dexamethasone (Sigma-Aldrich, St. Louis, MO, USA), 50 μg/mL L-ascorbic acid (Sigma-Aldrich), and
10 mmol/L β-sodium glycerophosphate (Sigma-Aldrich.) and was used for osteogenic differentiation
tests. The cells were cultured at 37 ◦C with 5% CO2. The culture medium was replaced every
2 days until the cells reached 80%–100% confluence. Experiment groups were divided based on the
concentrations of curcumin and glucose, which are listed in Table 1.
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Table 1. Experiment groups and abbreviations.

Experiment Groups Glucose Curcumin Abbreviation

Control 5.5 mmol/L 0 μmol/L C
Medium glucose 11 mmol/L 0 μmol/L Mg

High glucose 16.5 mmol/L 0 μmol/L Hg
Medium glucose/Low curcumin 11 mmol/L 5 μmol/L Mg-Lc
Medium glucose/High curcumin 11 mmol/L 10 μmol/L Mg-Hc

High glucose/Low curcumin 16.5 mmol/L 5 μmol/L Hg-Lc
High glucose/High curcumin 16.5 mmol/L 10 μmol/L Hg-Hc

2.1.2. Cell Proliferation

Cell viability was determined by a Cell Counting Kit-8 (Beyotime, Shanghai, China). The MC3T3-E1
cells were seeded at 2 × 103 cells per well in 96-well culture plates for 24, 48, and 72 h. At the above
time points, the cells were washed twice with PBS solution, and 250 μL fresh culture medium with
25 μL CCK-8 reagent was sequentially added to each sample. After incubation for 2 h at 37 ◦C, 100
μL medium was transferred to a 96-well plate and measured at 450 nm by using a micro-plate reader
(Infinite M200, Tecan, Männedorf, Switzerland).

2.1.3. Cell Apoptosis

Annexin V-fluoroisothiocyanate (FITC)/propidium iodide (PI) double staining (Dojindo, Japan)
was used to determine cell apoptosis. Cells were seeded at 1 × 106 cells per well in 6-well plates and
cultured in growth media for 24 h. Subsequently, the medium was replaced with fresh growth medium
containing different concentrations of glucose and curcumin as described above. After 48 h, cells were
stained with PI and Annexin V-FITC in a dark room for 15 min, according to manufacturer instructions,
and analyzed by flow cytometry (Cytomics FC 500 MCL, Beckman Coulter, Brea, CA, USA).

2.1.4. Osteogenesis-Related Gene Expression of MC3T3 Cells

Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) was performed
to determine the osteogenic gene expression of MC3T3. Cells were seeded at 1.5 × 105 cells/well
under different concentrations of glucose and curcumin. The total RNA from all groups was
first extracted using the RNAiso plus kit (Takara Bio, Japan), determined with a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, NC, USA), and was reversed
to cDNA by the Reverse Transcription Kit (Takara Bio, Tokyo, Japan). The RT-qPCR was
performed using a SYBR green kit and specific primers (Dalian Bao Biological Takara Corporation,
Dalian, China) via the StepOnePlus™ Real-Time PCR system (Thermo Fisher Scientific, Shanghai,
China). Primers are as follows: Runx2, forward 5’-CATTTGCACTGGGTCACACGTA-3’, reverse 5’-
GAATCTGGCCATGTTTGTGCTC-3’ (159 bp); Opn forward 5’- TACGACCATGAGATTGGCAGTGA-3’,
reverse 5’- TATAGGATCTGGGTGCAGGCTGTAA-3’ (127 bp); Col-1 forward 5’-
GTGGCGGTTATGACTTCAGC-3’, reverse 5’-TCACGAACAACGTTAGCATC-3’ (154 bp); GAPDH
forward 5’-TTCGACAGTCAGCCGCATCTT-3’, reverse 5’- ATCCGTTGACTCCGACCTTCA-3’
(145 bp). The PCR reactions were activated at 95 ◦C for 30 s, followed by an amplification target
sequence of 40 cycles at 95 ◦C for 5 s, 60 ◦C for 34 s, and 95 ◦C for 15 s. The relative expression levels of
the genes were calculated by the 2−ΔΔCT method.

2.2. In Vivo Analysis

2.2.1. Experimental Animals and Grouping

The protocol was approved by the Ethical Committee and the Laboratory Animal Center of
China medical university, Shenyang, Liaoning, China. Eighteen 10-week-old specific pathogen-free
(SPF) male mice from the Jackson Laboratory (Bar Harbor, ME, USA) were maintained at a constant
temperature (22–25 ◦C) in a 12 h light/dark cycle and fed with a standard laboratory diet and water.
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Six non-diabetic BLKS/jdb/m male mice were selected as the control group (db/m, n = 6, weight:
18.4–10.7 g). Twelve spontaneous diabetic BLKS/jdb/db male mice were randomly separated into the
diabetic group (db/db, n = 6, weight: 35.9–40.9 g) and the curcumin-treated diabetic group (db/db +
C, n = 6, weight: 35.7–40.3 g). Each group was kept in the same cage. The curcumin-treated group
was intragastrically given a dose of 200 mg/kg/d curcumin for 10 weeks, and the control group and
diabetic group were given equivalent volumes of solution (normal saline + 0.1% DMSO) for 10 weeks.
Curcumin was dissolved in DMSO, then diluted with normal saline to make the content of DMSO
0.1% and administered daily by gavage. All groups were sacrificed at 20 weeks, and mandibles (3 mm
× 3 mm) were harvested and fixed in 4% paraformaldehyde solution for 7 days at 4 ◦C in the dark.
The Block sections were sequentially dehydrated in ascending serial concentrations of ethanol, cleared
with xylene twice, and embedded in poly(methyl methacrylate). Serial sections with a thickness
of 70–80 μm were cut parallel to the coronal plane and prepared for fluorescence microscopy and
histological staining. All analyses of in vivo experiments were made by an experienced pathologist
(blind to the treatments of the mice) in order to characterize any changes.

2.2.2. Polyfluorochrome Sequential Labeling of Bone

Bone formation was assessed by sequential labeling with Calcein and tetracycline (Sigma-Aldrich),
which were deposited at the active site of mineralization. The fluorochromes were administered by
intraperitoneal injection in the following sequence: calcein (20 mg/kg) was added to 2% NaHCO3

buffer and given to three 19-week-old mice randomly selected from each group (n = 9). Four days later,
the same mice were injected with tetracycline (30 mg/kg) in 0.9% normal saline. The sections were
observed by fluorescence microscopy.

2.2.3. Histological Analysis

The osteogenesis effect of curcumin treatment in diabetic mice was evaluated by Masson’s
Trichrome staining (Beyotime). The sections were preserved in well-prepared Weigert’s hematoxylin
solution for 10 min. After rinsing with running tap water and acetified water, the slides were firstly
stained by Masson Fuchsin Acid Complex for 5 min, then immersed in 2% glacial acetic acid solution,
1% phosphomolybdic acid, 2% aniline blue, and 0.2% acetic acid in sequence. Finally, sections were
fixed into neutral gum for microscopy observation.

2.3. Statistical Analysis

GraphPad Prism 5.0 software (San Diego, CA, USA) was utilized to perform statistical analysis.
The quantitative data were depicted as mean ± standard deviation (n = 3). One-way ANOVA and
multi-way ANOVA were used to calculate the statistical significance among glucose-treated groups
and curcumin-treated groups, respectively. Statistically significant differences between each two
groups at each time point were evaluated using the t-test. A p value of less than 0.05 was considered
statistically significant.

3. Results and Discussion

Previous studies have demonstrated high glucose inhibits proliferation and differentiation of
osteoblasts [25]. Curcumin promotes osteogenic differentiation of osteoblasts [26]. The concentration
of curcumin at 15 μmol/L showed a stronger osteogenic effect than that at 10 μmol/L, whereas it
was not statistically significant, and the concentration of curcumin at 25 μmol/L showed obvious
cytotoxicity [27,28]. Therefore, we grouped within the concentration range of 10μmol/l in our study.
In addition, curcumin can induce cancerous cell apoptosis in specific doses and times through different
pathways. However, it does not have a significant effect on normal cells in the same doses/times,
which suggests that sensitivity of cells to curcumin varies under different conditions [28]. Therefore,
the protective effect of curcumin on high glucose-induced apoptosis and the optimal concentration of
curcumin in promoting osteogenesis in diabetic osteoporosis under different glucose concentrations are
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still unclear. Our findings proved that curcumin effectively alleviates high glucose-induced negative
effects on osteoblasts, its optimal concentration, and osteogenic impact on osteogenesis of osteoblasts
under a series of glucose concentrations.

3.1. Effect of Curcumin on the Viability of MC3T3 Cells in High-Glucose Conditions

The proliferation of MC3T3 treated by curcumin under different concentrations of glucose was
investigated by using a CCK-8 kit at 24, 48, and 72 h. No differences could be found among each
group at 24 h. Cell viability in the control group increased most up to 48 h, and was significantly
higher than that in the other groups (p < 0.05). The high-glucose group had the lowest cell viability,
indicating that a higher concentration of glucose severely affected cell viability. When curcumin was
introduced, cell viabilities in different glucose groups significantly increased (p < 0.05), whereas there
were no differences between low and high concentrations of curcumin treatment. At 72 h, the cell
viability in the curcumin-treated groups was significantly higher than that in the glucose groups (p
< 0.05; Figure 1). Three concentrations of glucose were selected in present study. At 16.5 mmol/L
glucose, there was a negative influence on cell viability. No differences were found on the effect of
concentrations of curcumin among curcumin-treated groups.

Figure 1. Effects of curcumin on viability of MC3T3 cells in high-glucose conditions. Cell viability was
measured using the CCK8 assay after culturing for 24, 48, and 72 h, separately. The bar chart shows
the mean optical density (OD) values (n = 3). *p < 0.05 vs the control group; #p < 0.05 vs the medium
glucose group; �p < 0.05 vs the high-glucose group.

3.2. Effect of Curcumin on Apoptosis of MC3T3 Cells in High-Glucose Conditions

Flow cytometry showed that curcumin treatment had an effect on glucose-induced apoptosis in
MC3T3 cells (Figure 2A). The first-quadrant cells were necrotic and consisted of late apoptotic cells,
which could be simultaneously stained with Annexin V-FITC and PI. The second-quadrant cells were
PI-negative. In the third quadrant, normal living cells were not stained with Annexin V-FITC or PI.
The fourth-quadrant cells were only stained with Annexin V-FITC, indicating early apoptotic cells.
The early apoptosis rates of the control and glucose groups were 9.03% ± 0.67%, 14.70% ± 0.26%, and
18.70% ± 0.61%, and the curcumin-treated groups were 13.30% ± 0.10%, 12.00% ± 0.85%, 16.80% ±
0.20%, and 13.77% ± 0.21%. Glucose significantly increased the rate of apoptosis (p < 0.05), whereas
treatment with both low and high doses of curcumin significantly decreased the apoptosis rate for cells
under different concentrations of glucose (p < 0.05). In the high glucose group, the apoptosis rate in the
high concentration of the curcumin group was significantly lower than that in the low concentration
of the curcumin group (p < 0.05; Figure 2B), whereas there were no differences in the medium
glucose group. It can be concluded that treatment with curcumin significantly protected cells from
hyperglycemia-triggered apoptosis of MC3T3 cells under high-glucose conditions. This was shown in
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a dose-dependent manner under a high concentration of glucose, but not under a low concentration
of glucose, under which a low concentration of curcumin can achieve an optimal protective effect on
cells. This expands on previous observations that curcumin mitigates hyperglycemia-related clinical
symptoms [29,30].

 

 
Figure 2. Effects of curcumin on apoptosis of MC3T3 cells in high-glucose conditions. Cell apoptosis
was assessed by staining the cells with Annexin V-FITC/PI double staining kit and subsequent analysis
by flow cytometry. (A) Detection of the early apoptosis rate of MC3T3 cells using flow cytometry.
(B) The bar chart shows the mean of early apoptosis rate (n = 3). *p < 0.05 vs the control group; #p <
0.05 vs the medium glucose group; �p < 0.05 vs the high glucose group; and &p < 0.05 vs the high
glucose/low curcumin group.
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3.3. Effect of Curcumin on Osteogenic Differentiation of MC3T3 Cells in Glucose Conditions

The expressions of osteogenesis-related genes Runx2, Opn, and Col-1 in MC3T3 cells related to
different concentrations of glucose and curcumin were evaluated using real-time quantitative PCR
(RT-qPCR). Runx2 is crucial for osteoblastogenesis, regulates the differentiation, maturation, and bone
formation of osteoblasts, and activates the expression of other osteogenic genes, such as Col-1 during
early stages and Opn during late stages [31,32]. Col-1 is an important organic component of the
bone matrix and the most crucial extracellular protein in bone, which initially provides a structural
framework for inorganic deposition [33]. Opn is a phosphorylated glycoprotein secreted by osteoblasts
and can promote biomineralization and bone remodeling [18]. In addition, the specific binding of
Opn to Col-1 may naturally localize Opn, influencing the adhesion, differentiation, and function of
osteoblasts [34]. In the present study, the expressions of Runx2, Opn, and Col-1 genes were significantly
downregulated in the high glucose-treated group and were significantly lower than those of the control
and medium glucose-treated groups (p< 0.05), indicating that a higher concentration of glucose severely
affected expression of osteogenesis-related genes. When curcumin was introduced, the expressions of
Runx2, Opn, and Col-1 genes were significantly upregulated at different concentrations of glucose (p <
0.05). The expressions of Runx2 and Col-1 genes in the high curcumin-treated group were significantly
higher than those in the low curcumin-treated group (p < 0.05), whereas there was no significant
difference in the expression of Opn between the low and high curcumin-treated groups (Figure 3). The
results demonstrated that the osteogenic effect of curcumin was dose-dependent in the early stage of
osteogenesis, but not in the late stage. It is possible that curcumin might predominantly upregulate the
expression of Runx2, which in turn enhanced Col-1 expression in precursor osteoblasts, whereas Opn
has a unique regulation mechanism, which is different from the combination of Col-1 and Runx2. It is
interesting to further investigate the mechanism of curcumin upregulating Runx2, Opn, and Col-1
expressions in osteoblasts and the relationship between the expression of each gene. The current
results indicated that curcumin could induce differentiation of MC3T3 cells from pre-osteoblasts
to osteoblasts in different concentrations of glucose in a dose-dependent manner. Curcumin could
serve as an effective method to recover glucose-suppressed osteogenic differentiation in precursor
osteoblasts. In addition, 10 μmol/L curcumin was found to be an effective concentration that could
promote osteogenic differentiation of MC3T3 under different concentrations of glucose.

  
(A) (B) 

Figure 3. Cont.
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Figure 3. Effects of curcumin on osteogenic differentiation of MC3T3 cells in glucose conditions.
Expressions of (A) Runx2, (B) Opn, and (C) Col-1 were measured by reverse transcription quantitative
polymerase chain reaction (RT-qPCR; n = 3). The results are shown as a relative expression level of the
target gene using glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) as the inner reference gene,
and analyzed by 2-ΔΔCt. Data are shown as mean ± SD. *p < 0.05.

3.4. Curcumin Treatment Improved Alveolar Bone Formation in Diabetic Mice

Diabetes mellitus (DM) is a significant risk factor for osteoporosis. The proliferation and
differentiation of osteoblasts in the alveolar bone of diabetic patients remains highly relevant in the
daily work of dentists, as they can impact treatment for many oral diseases such as dental implants
and oral surgery. Hyperglycemia is often displayed in diabetic patients and has a negative effect on
alveolar bone reconstruction [35].

Previous studies have suggested a positive effect of curcumin on bone formation in diabetes and
diabetes-related periodontitis [22]. However, few studies have investigated the effectiveness of natural
curcumin on alveolar bone formation in diabetic osteoporosis, and there is also a lack of investigations
into cortical bone and cancellous bone.

The present study evaluated cortical and cancellous bones by fluorescent double-labeling and
Masson staining, respectively. The results revealed that significant differences in alveolar bone loss
were observed in curcumin-treated groups when compared with diabetic mice. A general observation
from fluorescence images (Figure 4A) was that curcumin treatment significantly enhanced alveolar
cortical bone continuity and thickness when compared to diabetic mice, which was similar to that
of non-diabetic mice. A general observation from Masson staining (Figure 4C) was that curcumin
treatment extremely enhanced alveolar cancellous bone density and mineralization in diabetic mice,
which is similar to that of non-diabetic mice. Curcumin treatment significantly enhanced the trabecular
bone formation rate compared to diabetic mice (1.60 ± 0.11 um/d (diabetic) vs. 0.55 ± 0.05 um/d
(curcumin), p < 0.05), and there was no significant difference observed when compared to the
non-diabetic group (1.18 ± 0.11 um/d (non-diabetic)) (Figure 4B). These results show that curcumin
treatment could improve alveolar bone structure in diabetes, and this is in agreement with the results
of osteogenesis of MC3T3-E1 cells in response to curcumin treatment in vitro.

Diabetic hyperglycemia can trigger excessive production of ROS and increase oxidative stress,
which leads to damaged macromolecular substances (nucleic acids and lipids), induction of cell
apoptosis, and inhibition of osteogenic differentiation [36]. Bone protective effects of curcumin on
diabetic mice may be explained by reducing the production of ROS induced by high glucose, enhancing
antioxidant defense, and even further regulating the osteoimmunological RANK/RANKL/OPG pathway,
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which inhibits the expression of RANKL and promotes the expression of OPG in osteoblasts, results in
an increase in bone formation and a decrease in bone resorption, thus offsetting the negative effects
caused by high-glucose conditions. However, the specific mechanism remains to be confirmed by
further research.

 

Figure 4. Evaluation of the osteogenic effect of curcumin on bone formation in vivo. (A) Fluorescent
microscopy images of alveolar bone in non-diabetic (control), diabetic, and curcumin-treated groups,
respectively. Alveolar cortical bone continuity and thickness improved in the db/db+C group compared
with that in the db/db group, which was similar to that of the db/m group. (B) The bar chart shows the
rate of trabecular formation. *p < 0.05. (C) Masson staining images of alveolar bone in non-diabetic
(control), diabetic, and curcumin-treated groups, respectively. Alveolar cancellous bone density and
mineralization improved in the db/db + C group compared with that in the db/db group, which was
similar to that of the db/m group.

4. Conclusions

The results demonstrated that curcumin could protect cells from high glucose-mediated cytotoxicity,
promote osteogenic differentiation of mouse precursor MC3T3 cells in a dose-dependent manner, and
significantly improve alveolar bone formation in type 2 diabetic mice. These findings provide new
insights into the pathogenesis of diabetes-related osteoporosis and indicate that curcumin may be
valuable for prevention and inhibition of diabetes-related osteoporosis, providing a theoretical basis
for the clinical treatment of alveolar bone disease in diabetic patients.
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Abstract: The aim of this study was to evaluate the cytotoxicity and mineralization potential of
four calcium silicate-based cements on human gingiva-derived stem cells (GDSCs). The materials
evaluated in the present study were ProRoot MTA (Dentsply Tulsa Dental Specialties), Biodentine
(Septodont), Endocem Zr (Maruchi), and RetroMTA (BioMTA). Experimental disks of 6 mm in
diameter and 3 mm in height were produced and placed in a 100% humidified atmosphere for 48 h to
set. We evaluated the cytotoxic effects of the cements using methyl-thiazoldiphenyl-tetrazolium (MTT)
and live/dead staining assays. We used a scratch wound healing assay to evaluate cell migratory
ability. Mineralization potential was determined with an Alizarin red S (ARS) staining assay. In the
MTT assay, no significant differences were found among the ProRoot MTA, Biodentine, and control
groups during the test period (p > 0.05). The Endocem Zr and RetroMTA groups showed relatively
lower cell viability than the control group at day 7 (p < 0.05). In the wound healing assay, no significant
differences were found among the ProRoot MTA, Biodentine, Endocem Zr, and control groups during
the test period (p > 0.05). The RetroMTA group had slower cell migration compared to the control
group at days 3 and 4 (p < 0.05). In the ARS assay, the ProRoot MTA, Biodentine, and RetroMTA
groups exhibited a significant increase in the formation of mineralized nodules compared to the
Endocem Zr and control groups on day 21 (p < 0.05). In conclusion, the four calcium silicate-based
cements evaluated in the present study exhibited good biological properties on GDSCs. ProRoot
MTA, Biodentine, and RetroMTA showed higher mineralization potential than the Endocem Zr and
control groups.

Keywords: cell survival; cell migration assay; calcium silicate-based cements; calcium nodule formation

1. Introduction

External root resorption (ERR) happens when the periodontal ligament of the cementum is either
destructed or removed [1]. Damage to the cementum uncovers the root surface to osteoclasts that can
resorb dentin. With additional stimulation provoked by sulcular bacteria in the neighboring area, root
resorption constantly progresses [2]. ERR of a permanent tooth is generally unfavorable because it
may cause irreversible damage and ultimately loss of the tooth. However, in its early stages, ERR can
be stabilized by repairing the cementum with calcium silicate-based cement [3].

Calcium silicate-based cements are hydraulic materials consisting of tricalcium silicate, dicalcium
silicate, and tricalcium aluminate [4,5]. The first tricalcium silicate-based cement was mineral trioxide
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aggregate (MTA), which is a derivative of Portland cement. The physical, chemical, and biological
properties of MTA have been studied for decades, and it produces favorable results when applied to
direct pulp capping, regenerative endodontic procedure, apical retrograde filling, and repair of ERR or
perforations [6]. Tricalcium silicate enhances proliferation and differentiation of dental pulp cells [7–9].
However, ProRoot MTA (Dentsply Tulsa Dental Specialties, Tulsa, OK, USA) contains heavy metal
components such as bismuth oxide [5]. It also has a long setting time and handling difficulty, and
can discolor the tooth and gingiva [10,11]. Novel calcium silicate-based cements have been produced
overcome these shortcomings.

Biodentine (Septodont, Saint-Maur-des-Fossés, France) is composed mostly of tricalcium silicate,
zirconium oxide, and calcium carbonate powder, which are mixed with a supplied solution that includes
calcium chloride [12,13]. The reduced setting time compared to MTA is achieved by diminishing the
particle size and adding calcium chloride to expedite the reactions [13–15]. The substitution of bismuth
oxide with zirconium oxide may also play a role in reduced setting time, because this component has
been reported to expedite the primary hydration reaction [13]. Previous studies of this material’s effects
on dental pulp stem cells demonstrated its biocompatible ability, odontoblast differentiation ability,
and mineralization potential [12,16]. Endocem Zr (Maruchi, Wonju, Korea) and RetroMTA (BioMTA,
Seoul, Korea) were developed to cause less tooth discoloration compared to ProRoot MTA [17]. These
materials have a reduced setting time compared to ProRoot MTA and are easy to handle [18,19].
Bismuth oxide is replaced by zirconium oxide as a substitute radiopacifier [17]. RetroMTA is composed
of fine hydrophilic particles that do not originate from Portland cement [19].

To the best of our knowledge, no study has evaluated the biocompatibility and calcium nodule
formation ability of various calcium silicate-based cements on human gingiva-derived stem cells
(GDSCs). Therefore, the aim of the present study was to evaluate the cytotoxic effects of four calcium
silicate-based cements on GDSC compared to that of intermediate restorative material (IRM; Caulk
Dentsply, Midford, DE, USA). IRM is a commonly used temporary filling material that is highly toxic
to human stem cells [18,20]; therefore, we used IRM as a negative control. We also evaluated the
mineralization potential of the four calcium silicate-based cements on GDSCs.

2. Materials and Methods

2.1. Human Gingiva-Derived Stem Cells

GDSCs were collected using a previously reported method [21]. Gingival tissue was collected
from a 70-year-old female undergoing a second implant surgery. The institutional review board of
Seoul St. Mary’s Hospital, College of Medicine, The Catholic University of Korea approved this study
(KC19SESI0259), and written informed consent was obtained from the participant. All experiments were
performed according to relevant guidelines and regulations specified in the Declaration of Helsinki.

Gingival tissue was de-epithelialized, minced into 1–2 mm2 fragments, and digested in an
alpha-modified minimal essential medium (α-MEM; Gibco, Grand Island, NY, USA) containing dispase
(1 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) and collagenase IV (2 mg/mL; Sigma-Aldrich). Cells were
incubated in a humidified incubator at 37 ◦C. Every 2–3 days nonadherent cells were rinsed with
phosphate-buffered saline (PBS; Welgene, Daegu, South Korea) and placed in fresh medium.

2.2. Experimental Disks of Four Calcium Silicate-Based Cements

The calcium silicate-based cements tested in the present study were ProRoot MTA (Dentsply
Tulsa Dental Specialties), Biodentine (Septodont), Endocem Zr (Maruchi), and RetroMTA (BioMTA).
Their compositions are presented in Table 1. All cements were mixed according to the manufacturer’s
guidelines. We produced disks of each cement 6 mm in diameter and 3 mm in height using sterile
rubber molds under aseptic conditions. All disks were placed in a 100% humidity incubator at 37 ◦C
for 48 h, then sterilized using ultraviolet light at room temperature for 4 h.
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Table 1. The manufacturer and chemical composition of each experimental calcium silicate-based
cement used in this study [17,22–24].

Material Manufacturer Composition
Batch

Number

ProRoot MTA
Dentsply Tulsa Dental
Specialties, Tulsa, OK,

USA

Portland cement (tricalcium silicate, dicalcium
silicate, and tricalcium aluminate) 75%

Calcium sulfate dihydrate (gypsum) 5%
Bismuth oxide 20%

0000186484

Biodentine
Septodont,

Saint-Maur-des-Fossés,
France

Tricalcium silicate, dicalcium silicate, calcium
carbonate, calcium oxide, and zirconium oxide in

its powder form
Water, calcium chloride, and soluble polymer as

an aqueous liquid

B24553

Endocem Zr Maruchi, Wonju, Korea

Calcium oxide 27%–37%
Silicon dioxide 7%–11%

Aluminum oxide 3%–5%
Magnesium oxide 1.7%–2.5%

Ferrous oxide 1.3%–2.3%
Zirconium dioxide 43%–46%

ZF7812231228

RetroMTA BioMTA, Seoul, Korea

Calcium carbonate 60%–80%
Silicon dioxide 5%–15%

Aluminum oxide 5%–10%
Calcium zirconia complex 20%–30%

RM1810D14

2.3. Cell Viability Assay

We evaluated the cytotoxic effects of the four calcium silicate-based cements using a
methyl-thiazoldiphenyl-tetrazolium (MTT) assay (MTT Cell Growth Assay Kit; Chemicon, Rosemont,
IL, USA) [25,26]. The proliferation rate of the GDSCs was analyzed after 0, 1, 2, 3, and 5 days of culture
growth. GDSCs were seeded at a density of 1.0 × 104 cells/well on 24-well cell culture plates (SPL Life
Sciences, Pocheon, Korea) with a growth medium. After 24 h of culture for cell attachment, we obtained
the optical density value for day 0. An individual disk was stored in an insert with a 0.4 μm pore size
(SPLInsert; SPL Life Sciences) and the insert was stored over the GDSCs. For maintaining the medium
level up to the disk, each well was supplemented with an extra 1 mL of growth medium. GDSCs
cultured without experimental disks were used as positive controls, and IRM was used as a negative
control. MTT solution at a concentration of 500 μg/mL was added to each well for 4 h. Thereafter, each
well was washed with PBS and dimethyl sulfoxide was added to dissolve the synthesized formazan.
The optical density at 570 nm was determined using an absorbance microplate reader (Power Wave XS;
BioTek Instruments, Winooski, VT, USA) with the absorbance at 630 nm as the reference. Each group
was evaluated in quadruplicate.

2.4. Cell Migration Assay

We evaluated cell migratory ability using a scratch wound healing assay. GDSCs were seeded at a
density of 3.5 × 104 cells/well on 24-well cell culture plates (SPL Life Sciences, Pocheon, Korea) with a
growth medium. After 24 h of culture, a scratch wound was created in the middle of the confluent
cell layer using a 1000 μL pipette tip. After scratching, cell debris was rinsed offwith PBS. After 24 h
of culture, each individual disk was stored in an insert with a 0.4 μm pore size (SPLInsert; SPL Life
Sciences) and the insert was stored over the GDSCs. For maintaining the medium level up to the disk,
each well was supplemented with an extra 1 mL of growth medium. GDSCs with various calcium
silicate-based cement disks were incubated for 4 days, with changing the medium every 2 days. Images
of wound healing were observed at 0, 1, 2, 3, and 4 days using a phase-contrast microscope (Olympus,
Tokyo, Japan). ImageJ 1.46r (National Institutes of Health, Bethesda, MD, USA) was used to determine
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the wound healing area. We calculated the area of cell migration into the wound using the initial
wound area as the reference. Each group was evaluated in quadruplicate.

2.5. Live/Dead Staining Assay

GDSCs were seeded at a density of 1.0 × 104 cells/well on 24-well plates (SPL Life Sciences) with a
growth medium. After 24 h of culture, each individual disk was stored in an insert with a 0.4 μm pore size
(SPLInsert; SPL Life Sciences) and the insert was stored over the GDSCs. GDSCs with various calcium
silicate cement disks were incubated for 5 days, with changing the growth medium every 2 days. Cells
were double-stained with a LIVE/DEAD™ Cell Imaging Kit (488/570; Molecular Probes, Life Technologies,
CA, USA) on days 3 and 5, and the stained cells were evaluated under an inverted microscope (Axiovert
200; Carl Zeiss Microscopy, Jena, Germany). Qualitative analyses of cell viability were performed with
digital image processing software (ZEN 2012, AxioVision; Carl Zeiss Microscopy).

2.6. Alizarin Red S (ARS) Staining Assay

To evaluate the formation of calcified nodules in GDSCs, we used an ARS assay [25,26]. The powder
of each experimental calcium silicate-based cement was mixed with an osteogenic medium at a
concentration of 5 mg/mL, and the mixture was placed in a 100% humidity incubator at 37 ◦C for 7 days.
The osteogenic medium consisted of complete α-MEM, 50 μg/mL ascorbic acid (Sigma-Aldrich), 0.1 μM
dexamethasone (Sigma-Aldrich), and 10 mM beta-glycerophosphate (Sigma-Aldrich). The supernatant
fluid was refined through 0.20 μm filters (Minisart; Sartorius Stedim Biotech, Goetingen, Germany).
GDSCs were seeded at a density of 2.0 × 104 cells/well on 24-well plates (SPL Life Sciences) and cultured
for 21 days in calcium silicate-based cement eluate, with changing the eluate every 3 days. Cells were
fixed in 4% paraformaldehyde solution and stained with 2% ARS solution (ScienCell, Carlsbad, CA,
USA) for 20 min. The stain was treated with 10% cetylpyridinium chloride (Sigma-Aldrich) for 15 min,
and the optical density at 560 nm was evaluated using an absorbance microplate reader (Power Wave
XS). Each group was evaluated in quadruplicate.

2.7. pH Measurement

The powder of each experimental calcium silicate-based cement was mixed with deionized water
and osteogenic medium at a concentration of 5 mg/mL, and the mixture was placed in a 100% humidity
incubator at 37 ◦C for 7 days. The pH of each liquid was evaluated using a digital pH meter which is
adjusted prior calibration (Satorious Docu-pH Meter; Satorious AG, Goettingen, Germany). Three
measurements were made for each cement solution. As a control, deionized water and osteogenic
medium without experimental powder was also measured.

2.8. Statistical Analyses

The SPSS software program (ver. 24.0; IBM Corp., Armonk, NY, USA) was used for statistical
analyses. The Shapiro-Wilk test of normality was used to confirm the data distribution. The data
normality was confirmed; thus, repeated measures analyses of variance were performed for general
comparisons of MTT and wound healing assays. Independent t tests were performed for pairwise
comparisons of experimental groups at each time point. One-way analyses of variance and Tukey post
hoc tests were used for the ARS assay. p < 0.05 was considered statistically significant.

3. Results

In the cell viability assay, no significant differences were shown among the ProRoot MTA, Biodentine,
and positive control groups during the test period (p > 0.05). The Endocem Zr and RetroMTA groups
differed significantly from the control group on days 5 and 7 (p < 0.05). Out of all groups, the IRM group
showed the lowest viable cell level after 24 h (p < 0.05) (Figure 1).
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Figure 1. Relative cell viability based on methyl-thiazoldiphenyl-tetrazolium (MTT) assay. Asterisks
represent statistically significant differences between the positive control and experimental groups.

In the cell migration assay, no significant differences were found among the ProRoot MTA,
Biodentine, Endocem Zr, and control groups during the test period (p > 0.05). The RetroMTA group
had lower cell migratory ability than the control group on days 3 and 4 (p < 0.05). Cell migration was
not shown in the IRM group, and significant differences were observed between the IRM and positive
control groups at days 1–4 (p < 0.05; Figure 2). Representative images of the cell migration in all groups
are shown in Figure 3.

Figure 2. Wound healing rate of all tested calcium silicate-based cements. Asterisks represent
statistically significant differences between the positive control and experimental groups.
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Figure 3. Representative images of cell migration based on wound healing assay (scale bar = 250 μm).

In the live/dead staining assay, GDSCs in contact with IRM extract showed low viable cell density,
whereas GDSCs in contact with the other experimental cements showed favorable cell growth relative
to the control group (Figure 4).
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Figure 4. Results of live/dead staining assay of all tested calcium silicate-based cements (scale bar =
200 μm).

In the ARS assay, GDSCs exposed to ProRoot MTA, Biodentine, and RetroMTA eluates resulted
in a meaningful increase in the formation of calcium (Ca) compared to the Endocem Zr and control
groups on day 21 (p < 0.05; Figure 5).

In the pH measurement, the pH of all experimental calcium silicate-based cements in deionized
water was higher (pH > 10.0) than the pH of deionized water without experimental powder (Table 2).
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Figure 5. Relative rate of mineralized nodule formation based on Alizarin red staining assay. Different
superscript letters indicate statistically significant differences (scale bar = 500 μm).

Table 2. The pH of each experimental calcium silicate-based cement.

Material

pH (7 days)

Osteogenic Media ddH2O

Mean Mean

Control 7.56 7.59 7.50 7.55 7.02 7.06 7.08 7.05
ProRoot MTA 8.58 8.63 8.67 8.63 11.33 11.34 11.29 11.32

Biodentine 9.65 9.71 9.67 9.68 11.31 11.30 11.34 11.32
Endocem Zr 8.61 8.69 8.74 8.68 10.77 10.79 10.82 10.79
RetroMTA 8.55 8.57 8.58 8.57 11.32 11.35 11.32 11.33

4. Discussion

In some clinical conditions such as the repair of root resorption, a fast initial setting time is required
to prevent the dissolution of materials into blood and oral fluids. Less tooth discoloration is also an
important factor esthetically. Some alternative calcium silicate-based cements, such as Biodentine,
Endocem Zr, and RetroMTA, were introduced for these reasons to replace ProRoot MTA. Furthermore,
biocompatible and bioactive calcium silicate-based cements can promote rapid healing of adjacent
periodontal tissue. Therefore, in the present study we evaluated the cytotoxicity and mineralization
potential of four calcium silicate-based cements on GDSCs.

In this study, we analyzed the biocompatibility of ProRoot MTA, Biodentine, Endocem Zr,
RetroMTA, and IRM using MTT and wound healing assays. The ProRoot MTA, Biodentine, and control
groups showed higher cell viability and migratory ability compared to the IRM group. The Endocem

114



Coatings 2020, 10, 279

Zr and RetroMTA groups showed lower cell viability compared to the control group (Figure 1), and the
RetroMTA group also had a slower cell migration rate than the control group (Figure 2).

Biodentine is a novel bioceramic calcium silicate-based cement that possesses biocompatible
and noncytotoxic properties [22,27]. In one study, the highest migration rate of dental pulp stem
cells was found in the Biodentine group, and scanning electron microscopy revealed superior cell
adhesion on disks of Biodentine [22]. In another study, cell viability was highest in the Biodentine
group followed by the ProRoot MTA group, although viability on the glass ionomer cement (Ketac
Molar Aplicap; 3M ESPE, Seefeld, Germany) was significantly lower [27]. Other published studies
showed that Biodentine eluates resulted in low-to-moderate negative consequence on cell viability and
on cell migratory ability [28]. One possible explanation is that high density level of Biodentine in the
growth medium seriously lower stem cell proliferation [29].

Endocem Zr is a pozzolan-based, white calcium silicate cement developed to improve shortcomings
such as a long setting time and tooth discoloration [30]. If bismuth oxide, which is used as a radiopacifier
in ProRoot MTA, interacts with the collagen fibrils in dentin, it can lead to tooth discoloration. Bismuth
oxide is substituted by zirconium oxide in the Endocem Zr formulation [31]. Lee et al. reported that
Endocem Zr showed a similar inflammatory response to dental pulp tissue as did ProRoot MTA;
however, its formation of a calcific barrier was inferior to that by ProRoot MTA [30].

RetroMTA is another fast-setting calcium silicate cement thanks to its zirconium component,
which shortens the setting time by increasing the hydration rate of Portland cement [32]. In a study
by Chung et al., RetroMTA showed similar biocompatibility and angiogenic effects on human dental
pulp cells as ProRoot MTA; therefore, it is an effective pulp capping material [33]. In comparison,
Endocem Zr showed irregular cytotoxic effects and derived less vascular endothelial growth factor
and angiogenin expression [33]. In a previous study, both ProRoot MTA and RetroMTA resulted in
significantly higher cell viability compared to the positive control, whereas ProRoot MTA had a higher
radiopacity than RetroMTA [23]. Another study found that set RetroMTA showed better biological
responses compared to a set calcium-enriched mixture (BioniqueDent, Tehran, Iran) and Angelus MTA
(Angelus MTA, Londrina, Paraná, Brazil) in a mouse L929 fibroblast cell line [19].

In this study, we evaluated the calcium nodule formation ability associated with ProRoot MTA,
Biodentine, Endocem Zr, and RetroMTA using an ARS assay. We found that ProRoot MTA resulted in
more mineralization potential than Biodentine and RetroMTA, which is in accordance with a previous
study in which ProRoot MTA showed better osteogenic potential than Biodentine based on real-time
polymerase chain reaction expression analysis, alkaline phosphatase activity, and calcium nodule
formation data [34]. In another study, Biodentine showed significantly decreased alkaline phosphatase
activity compared to ProRoot MTA [35]. Its differences in composition and the rate of dissolution in
culture medium may be one reason for the lower mineralization activity of Biodentine [34]. Differences
in types of cells, culture condition, and time of culturing may have affected the results. In both studies,
alveolar bone marrow stem cells rather than dental pulp stem cells were used [34,35].

Meanwhile, a different study showed that Biodentine has a comparable efficacy to ProRoot MTA
in the clinical setting and may be considered as an interesting substitute for ProRoot MTA in pulp
capping procedures [36]. In that study, well-arranged odontoblast layers and odontoblast-like cells
formed tubular dentin under the osteodentin [36]. Furthermore, Wongwatanasanti et al. reported
that only Biodentine showed a positive ARS compared to ProRoot MTA and RetroMTA groups [37].
They concluded that Biodentine, ProRoot MTA, and RetroMTA all induce stem cell apical papilla
(SCAP) proliferation; however, only Biodentine induces significant SCAP differentiation [37]. Another
study also showed that SCAP mineralization was greater in the Biodentine group than the ProRoot
MTA group [38]. These studies used SCAP for the ARS assay [37,38], unlike our study, which used
GDSCs. The differences in osteogenic gene expression can be explained by differences in cell origin
and developmental status at the time of incubation. Therefore, further investigation is required to
clarify the different results.
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A previous study reported that Endocem MTA and Endocem Zr are related with remarkably less
Ca ion release compared to ProRoot MTA [31]. When the three cements were immersed in PBS for 2
weeks, these cements created Ca- and phosphorous (P)-incorporating apatite-like materials. ProRoot
MTA showed precipitates which has a higher Ca/P ratio compared to Endocem Zr [31]. Unlike ProRoot
MTA, in which calcium and silicon are the predominant compositions, Endocem Zr is largely composed
of zirconia with a small quantity of calcium and silicon. In the present study, Endocem Zr showed
the lowest calcium nodule formation ability among the experimental calcium silicate-based cements,
in accordance with a previous study [30]. Ca ions contribute to the formation and mineralization of
hard tissue. Therefore, extended Ca release from calcium silicate-based cements can influence the
osteogenic potential of bone marrow stem cells and osteoblast progenitors [39,40]. In the present study,
all tested calcium silicate-based cements were associated with an alkaline pH (Table 2), consistent with
the findings of previous studies [23,41,42]. The high alkalinity of the materials contributes to their
osteogenic potential as a suitable condition for matrix formation and antimicrobial ability is created.

Unfortunately, the reason why various calcium silicate-based cements elicit different biological
responses was not thoroughly investigated in this study. Further study on the association between
chemical components of the calcium silicate-based cements and biological responses of cells is necessary.
Furthermore, proper characterization of each calcium silicate-based cement is required.

5. Conclusions

In summary, the four calcium silicate-based cements evaluated in this study using GDSCs had
good biological properties. The ProRoot MTA, Biodentine, and RetroMTA groups showed higher
mineralization potential compared to the Endocem Zr and control groups. Therefore, Biodentine and
RetroMTA can be used as alternatives to ProRoot MTA to treat ERR in terms of esthetics. Further
in vivo research is needed.
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Abstract: Calcium sulfate is used as a synthetic graft material in orthopedics, plastic surgery, onco-
logical surgery, and dentistry, and it has been used in a variety of clinical applications, such as the
repair of periodontal defects, the treatment of osteomyelitis, maxillary sinus augmentation, and as a
complement to the placement of dental implants. To carry out this systematic review, a bibliographic
search was carried out. The PICO (Patient, Intervention, Comparison, Outcome) question was: Does
the use of calcium sulfate as a material in guided bone regeneration in dentistry have better results
compared to other bone graft materials? Finally, a case series is presented using the calcium sulfate
for different procedures. Currently, the available literature on the use of calcium sulfate as a graft
material in implant surgery is scarce, and what is available provides low-quality evidence. That is
why more research studies on the subject are necessary to allow more comparisons and meaningful
conclusions. After using Bond Apatite® in our case series, we can conclude that it is a useful and
easy-to-handle material in implantology practice, but more controlled studies should be carried out
in this regard to assess its long-term efficacy, especially in horizontal and/or vertical regeneration.

Keywords: calcium sulfate; dental implant; guided bone regeneration; sinus lift

1. Introduction

The use of dental implants has become a common treatment modality and an important
component of modern dentistry [1]. In many clinical situations, the edentulous areas to be
rehabilitated do not offer adequate bone volume for implant placement; this may be due
to different causes, such as the presence of anatomical structures that limit it (maxillary
sinuses, presence of nerves or vessels, etc.) due to early bone atrophy and the traumatic
extraction of a tooth or periodontal disease [2,3]. Tooth extraction is associated with the
remodeling of the alveolar process and results in changes, both structural and dimensional,
with horizontal losses of up to 29%–63% and vertical losses of 11%–22% at 6 months after
tooth extraction [4,5].

For such defects, guided bone regeneration procedures before or in combination with
implant placement are necessary [6]. These procedures are based on the use of different
types of graft materials and membranes. The bone substitute must be osteoconductive,
to act as a scaffold maintaining three-dimensional support during bone healing, and also
osteoinductive, stimulating bone formation; the membranes act as a barrier and seal the
area to be regenerated to prevent the ingrowth of soft tissue [7,8].
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Historically, the most widely used grafting material was autologous bone, both extrao-
ral and intraoral [9,10]; however, obtaining autogenous bone has several negative aspects,
such as increased morbidity for the patient, limited supply, and increased duration of the
intervention [11,12].

We currently have different types of bone graft materials for dental applications. De-
pending on the origin, they are classified as autografts, allografts, xenografts, or alloplastic
grafts and can be found in the form of granules, putties, gels, and pastes, or blocks [13].

One of these alloplastic grafts is calcium sulfate, which is a common bone substitute
and with a history of clinical use spanning more than 100 years, the first report of its
use as a bone graft material was by the German physician Dreesman in 1892 when it
was used as a treatment to seal bone defects in the long bones of eight patients with
tuberculosis, according to Pelteier et al., in their work from 1957 [14]. This material is highly
biocompatible and osteoconductive, undergoing practically complete resorption in vivo,
and can be used as a vehicle to administer antibiotics, pharmacological agents, and growth
factors [14,15].

Therefore, calcium sulfate, which is a bioactive material that produces the release of
abundant calcium ions, is used as a synthetic graft material in orthopedics, plastic surgery,
oncological surgery, and dentistry, and it has been used in a variety of clinical applications,
such as the repair of periodontal defects, the treatment of osteomyelitis, and maxillary
sinus augmentation, and as a complement to the placement of dental implants [16–19].

However, despite its many indications, it has some deficiencies that have prevented
its daily use in dentistry, highlighting its rapid and complete resorption and hardening
difficulties in the presence of saliva and bleeding. In 2010, Dr. Amos Yahav presented Bond
Apatite® (Augma Biomaterials Ltd., Caesara Industrial Park, Israel & Microdent, Santa
Eulàlia de Ronçana, Barcelona, Spain), a biphasic calcium sulfate that has proven to be
more stable and with better properties than classic calcium sulfate [20,21]. It is a bone graft
material composed of 2/3 biphasic calcium sulfate and 1/3 synthetic hydroxyapatite of dif-
ferent granulometry. Being the only one available, it is made of calcium sulfate and having
the addition of hydroxyapatite. Calcium sulfate is reabsorbed and it is the hydroxyapatite
particles that maintain volume during the process of new bone formation [22–24].

According to the study carried out by Yahav et al. [24], the addition of HA prolongs the
resorption time and remains within the practical timeframe for dental clinical applications;
most of the graft material is converted into young bone within 3 to 6 months, and the
remainder is resorbed shortly thereafter.

Recent studies [19,20] have demonstrated successful results in guided bone regen-
eration with the use of calcium sulfate, and in addition, based on histological analysis,
the percentage of graft remaining was relatively low, with no evidence of inflammatory
response or graft encapsulation.

In this preparation, there are several considerations of interest. In the first place,
thanks to the Biphasic Calcium Sulfate formulation (hemihydrated/dihydrated), the setting
process can be reduced from about 20 min to 3, facilitating clinical management. In addition,
the synthetic hydroxyapatite particles decrease the rate of graft resorption, maintaining
volume; the smaller ones (90 microns) are reabsorbed after 3–4 months and the larger ones
(1 mm), which represent 10% of the total hydroxyapatite, are reabsorbed after 8 months.
Finally, the high porosity of the product, greater than 46%, favors the infiltration of growth
factors, osteoblasts, and angiogenesis [15,25,26].

Whereas with conventional graft materials there is integration with the graft particles
resulting in 20%–25% vital bone formation, with Bond Apatite®, there is no integration
between the newly formed bone, and the material is completely resorbed. Instead, new
vital bone is formed at the end of the regeneration process.

Biphasic calcium sulfate serves as a cement, and its rigid structure after a quick
setting prevents epithelial–conjunctive cell infiltration into the material, acting as a barrier
membrane. However, connective cells can multiply on the material’s surface, encouraging
the rapid repair of the overlying soft tissue [24].

120



Coatings 2022, 12, 1350

Bond Apatite® is presented as a powder in a double barrel syringe and a sodium
chloride solution. With the help of a piston, the solution is poured over the powder,
obtaining a mixture that can be easily deposited in the bone deficit, since the resulting
product is adhesive. Subsequently, pressure must be exerted with a dry sterile gauze
for a few seconds, thus eliminating excess liquid and favoring the setting of the product.
In addition, the manufacturer recommends closing the flap under tension and it is not
necessary to cover the graft with any type of membrane, since when it hardens it acts as a
barrier preventing the penetration of epithelial–connective cells [25,26].

This study aims to review the existing literature on calcium sulfate in oral surgery
and expose various clinical cases using Bond Apatite® as a bone graft material in different
situations. Therefore, the following PICO (Patient, Intervention, Comparison, Outcome)
question was: Does the use of calcium sulfate as a material in guided bone regeneration in
dentistry have better results compared to other bone graft materials?

2. Materials and Methods

To carry out this systematic review, a bibliographic search was carried out in the
MEDLINE database through PubMed.

The following combinations of keywords were performed: “calcium sulfate” [MeSH
Terms] AND (“surgery, oral” [MeSH Terms] OR “oral surgical procedures” [MeSH Terms]),
“calcium sulfate” [MeSH Terms] AND “bone regeneration” [MeSH Terms], (calcium sulfate
[MeSH Terms]) AND (bone grafting [MeSH Terms]).

The articles that were included in this systematic review had to meet the following
inclusion criteria: controlled clinical trials, randomized controlled clinical trials, and case
series, with more than 30 participants, carried out in humans and published within the last
10 years in English. Studies outside the field of dentistry, systematic reviews, preclinical
studies, and clinical trials with insufficient information were excluded.

Finally, a case series is presented using the calcium sulfate for different procedures.
Specifically, with Biphasic calcium sulfate/hydroxyapatite (BCS/HA): BCS-CaSO4·1/2
H2O+CaSO4·2H2O and HA-Ca10(PO4)6(OH)2 and liquid-NaCl 0.9%.

The selected studies were assessed following the SORT criteria [27].

3. Results

3.1. Selection of Studies

The initial search yielded 122 articles. After applying the inclusion criteria and elimi-
nating duplicate entries, the selected studies were 37. After reading the abstracts, 17 studies
were selected and finally, after the full reading of the articles, only 7 fulfilled the criteria
(Figure 1). The data obtained is summarized in Table 1.

3.2. Study Design

Table (c) was created to extract data from the selected articles [28–34]. The charac-
teristics of the studies, their objectives, and the results and conclusions obtained were
assessed separately.

Three randomized controlled clinical trials (RCT) [28,30,31], three controlled clinical
trials [29,33,34], and one case series [32] were included. All clinical trials had a control
group comparable to the study group, and three of them used the contralateral side as the
control group [28,29,31].

According to the SORT criteria [27], we can state that all RCT [28,30,31] are level 1,
and the controlled clinical trials [29,33,34] can be marked as level 2, and finally the case
series [32] can be staged as a level 3.
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Figure 1. PRISMA flowchart.

3.3. Characteristics of the Participants

A total of 237 patients, with a mean age of 53.95 years, were included in the stud-
ies. Only three studies [30,31,33] specify the number of participants of each gender. All
the articles except one [28] collected samples from a number equal to or greater than
25 participants, with 60 participants being the maximum [33].

3.4. Characteristics and Results of the Studies

In the selected studies, the applications and efficacy of the use of calcium sulfate in
oral surgery were assessed. Two articles evaluated its effectiveness in the treatment of
periodontal defects [28,29], three studies evaluated its use as a graft material in alveolar
preservation [30,32], and one studied its application in the regeneration of maxillary bone
defects after the surgical removal of radicular cysts [33] and another in sinus lifts [34].

Only two authors evaluated the efficacy of calcium sulfate in the guided bone regener-
ation of periodontal defects. First of all, Pandit et al. [29] obtained a decrease in probing
depth of 2.67–4 mm, an increase in the clinical attachment of 1.6–2.47 mm, and a reduction
in the periodontal defect of about 2 mm, without observing statistically significant differ-
ences between the groups. Secondly, Mandlik et al. [29] obtained a decrease in the probing
depth and a gain in the clinical attachment level of about 5 mm in both groups without
presenting statistically significant differences.

Of the three studies [30–32] that evaluated the use of calcium sulfate in alveolar
preservation procedures, Horowitz et al. [32] reported that bone volume and density were
maintained after extractions and after 4 months; Matchei et al. [30] and Mayer et al. [31]
instead reported a slight bone loss in height of 0.65 mm [30] and 0.3 mm [31] and width of
0.5 mm [30] and 0.03 mm [31], respectively.

All of the studies performed a histopathological analysis. Matchei et al. [30] reported
new bone formation in 44.4% and 16.51% of remnant calcium sulfate. Similar results
were found in Mayer et al. [31], who observed that the composition of the new bone
consists of 47.7% bone, 36.3% connective tissue, and 16% remaining graft material, and
finally Horowitz et al. [32] reported that after 4 months the calcium sulfate graft was
reabsorbed completely.
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Dudek et al. [33] evaluated the efficacy of calcium sulfate in the regeneration of
maxillary bone defects after the surgical removal of radicular cysts compared to the use of
xenografts and observed that calcium sulfate achieves slightly faster bone remodeling and
has almost complete resorption and a new bone replacement at 3 months.

The use of calcium sulfate as a graft material in lateral membrane sinus lifts was
evaluated by Laino et al. [34], who obtained a mean bone height gain of 8.21 ± 1.73 mm
after 6 months.

4. Clinical Cases

After reviewing the topic, six clinical cases used Bond Apatite® as bone graft material
in different procedures. The characteristics of the patients and surgeries are summarized in
Table 2.

Table 2. Description of the cases. I.M.: Intraoperative management; I.C.: Intraoperative complications;
G: Good; M: Moderate.

Patient
Gender

Age

Medical History of
Interest

[Toxic Habits]
Type of Surgery

Closure by First
Intention

[Collagen Sponge]
I.M. I. C. Healing

Early
Postoperative
Complications

Late Postoperative
Complications

1
F
63

NO
[Tobacco: 2 cig/day]

Horizontal Guided Bone
Regeneration

Yes
[No] G No G No No

2
M
52

NO
[-]

Alveolar ridge
preservation

No
[Yes] G No M

Graft loss and
self-limited

alveolitis
No

3
M
61

NO
[-]

Alveolar ridge
preservation

Yes
[No] G No G No

No osseointegration of the
implant, replacement in

3 months, without
problems and with good

stability

4
F
46

NO
[-]

Alveolar ridge
preservation

No
[Yes] G No M

Graft loss and
self-limited

alveolitis
No

5
M
64

NO
[-]

Sinus lift with lateral
window

Yes
[No] G No G No No

6
M
46

NO
[-]

Sinus lift with
lateral window

Yes
[No] G No G No No

Without exception, informed consent was obtained from all subjects involved in
the study.

In all cases, both after the extractions and after the placement of the implants, post-
surgical recommendations were provided and explained, as well as Amoxicillin 750 mg
every 8 h × 7 days, Dexketoprofen 25 mg every 8 h × 3–4 days alternated with Paracetamol
1g every 8 h if there was pain, in addition to rinses with Chlorhexidine 0.12% (Bexident®

Post topical gel, Isdin, Barcelona Spain) every 8 h × 7 days beginning 24 h after surgery.
Periodic follow-ups were carried out after a week, after the first month, and three

months after the intervention with their corresponding X-ray. In all cases except one
(Patient No. 1), after 4 months and before implant placement, a biopsy of the regenerated
area was performed using a histopathological study (Trefina Komet, 032, Barcelona Spain,
032, diameter 3, 2 external, and 2.6 mm internal).

4.1. Patient No. 1

A 63-year-old woman with no known allergies or medical history of interest, a smoker
of two cigarettes a day, came to the clinic to rehabilitate an edentulous area at levels 45
and 47. She presented with 46 with a metal-ceramic crown and cantilever towards the

125



Coatings 2022, 12, 1350

mesial (Figure 2A). It was decided to cut the cantilever, keep the crown at 46 temporarily,
place implants at 45 and 47 and subsequently rehabilitate with three individual metal-
ceramic crowns. At the 45 level, there was a horizontal bone defect (Figure 2B), so it was
decided to perform a lateral ridge augmentation with Bond Apatite® on the same day as
implant placement. Surgery was performed following the manufacturer’s protocol, incision,
detachment of the mucoperiosteal flap, micro-perforations in the cortex, placement of a
Bond Apatite® syringe, compression with dry and sterile gauze, placement of Microdent®

Genius 3.5 × 12 mm implants at the level of 45 and 4.5 × 12 mm at the level of 47, following
the milling of the commercial house, repositioning the flap and tension suture (Figure 3).
The recommendations and postoperative pharmacological guidelines were delivered. No
intra- or postoperative complications occurred. The stitches were removed a week after
surgery (Figure 4A) and regular monthly check-ups were performed (Figure 4B,C). After
three months, a new CBCT was requested to assess the bone gain achieved (Figure 2D).
Prosthodontic rehabilitation was carried out 4 months after surgery.

Figure 2. (A) Preoperative intraoral periapical radiograph (IOPA); (B) Initial CBCT; (C) Intraoperative
IOPA; (D) CBCT after 4 months.

 

Figure 3. (A) Preoperative occlusal view; (B) Incision; (C) flap detachment; (D) Drilling according to
protocol, check the position with the pin; (E) Implant placement at level 45; (F) Micro perforations in
the vestibular; (G) Placement of Bond Apatite®; (H) Tension suture and implant placement in 47.
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Figure 4. (A) Follow-up and removal of the suture after 7 days; (B) 1 month follow-up; (C) 2 months
follow-up; (D) 3 months follow-up and healing abutments’ placement.

4.2. Patient No. 2

A 52-year-old man with no known allergies or medical or toxicological history of
interest came to the clinic to assess the extraction of the 15 root remnant (Figure 5A) and
placement of an implant. The case was assessed and, as there was not enough apical bone
(Figure 6A), the possibility of placing an implant immediately after extraction was ruled
out; it was decided to perform alveolar preservation after extraction and placement of
the implant in a second surgical phase. We proceeded to the extraction of 15 and alveolar
preservation with Bond Apatite® according to the manufacturer’s protocol, extraction,
curettage of the alveolus, placement of a Bond Apatite® syringe, compression with dry
and sterile gauze, coverage with a collagen sponge and point of cross suture (Figure 7).
There were no intraoperative complications. The recommendations and postoperative
pharmacological guidelines were delivered. A week later, the patient attended suture
removal reporting considerable pain. On examination, alveolitis and loss of graft material
were observed, so the medication was changed to Amoxicillin/Clavulanic Acid 875/125 mg
every 8 h × 7 days, Dexketoprofen 25mg every 8 h alternated with Metamizole 575 mg
every 8 h if there was pain. Periodic monthly follow-ups were carried out (Figure 5B,C) and
at 4 months a new CBCT of the area was requested (Figure 6B) for implant planning, where
good healing and maintenance of bone volume were observed. On the day of surgery, a
trephine biopsy was taken in the regenerated area for histopathological analysis (Figure 8)
and a 3.5 × 10 mm Microdent® Genius implant was placed following the milling protocol
of the commercial house (Figure 5D). The same pharmacological regimen was prescribed
as on the day of the extraction and monthly follow-up visits were scheduled. Currently, he
must undergo the second surgical phase and subsequent prosthodontic rehabilitation.

127



Coatings 2022, 12, 1350

 

Figure 5. (A) Immediate postoperative periapical; (B) One week IOPA; (C) One month IOPA; (D) Two
months IOPA; (E) IOPA after implant placement.

(A) (B) 

Figure 6. (A) Previous CBCT; (B) CBCT after 4 months.

Figure 7. (A) Preoperative occlusal view; (B) Dental extraction of 25; (C) Placement of Bond Apatite®;
(D) Postoperative occlusal view; (E) One-week follow-up.
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Figure 8. (A) Remains of inorganic material with newly formed bone trabeculae in (A) at 50× and in
(B) at 200×. Total bone length of 5.97 mm and newformed bone of 2.98 mm.

4.3. Patient No. 3

A 61-year-old male with no known allergies or relevant medical or toxicological history
presented with pain in 24. He had a 24 endodontic treatment, with a filtered metal-ceramic
crown in the distal part, non-restorable caries, so extraction was decided (Figure 9A). A
CBCT was requested to assess the possibility of immediate implant placement, but the
option was ruled out due to the presence of an apical lesion (Figure 10A). It was decided to
perform alveolar preservation after extraction and placement of the implant in a second
surgical phase. We proceeded to extract 24, profuse curettage of the alveolus, placement of
a Bond Apatite® syringe, compression with dry and sterile gauze, and instead of placing
a collagen sponge, the manufacturer’s protocol was slightly changed since the closure
was carried out by primary intention using a vestibular mucoperiosteal flap (Figure 11).
There were no intraoperative complications. The recommendations and postoperative
pharmacological guidelines were delivered. The stitches were removed a week after
surgery and regular monthly check-ups were performed (Figure 9B–E). At 4 months, a new
CBCT of the area was requested for implant planning, where good healing and maintenance
of bone volume were observed (Figure 10C). On the day of surgery, a trephine biopsy was
taken in the regenerated area for histopathological analysis (Figure 12) and a 3.5 × 12 mm
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Microdent® Genius implant was placed following the milling protocol of the commercial
house (Figure 9F). The same pharmacological regimen was prescribed as on the day of the
extraction and monthly follow-up visits were scheduled. Four months after the placement
of the implant, the second surgical phase was performed and at the time of removal of the
closure plug, the implant was explanted in its entirety, showing the lack of osseointegration
of it, a profuse curettage of the area and the implant replacement visit was scheduled after
3 months.

Figure 9. (A) Preoperative IOPA; (B) Immediate postoperative IOPA; (C) One week IOPA; (D) One
month IOPA; (E) Two months IOPA; (F) IOPA after implant placement.

(A) (B) (C) 

Figure 10. (A) Previous CBCT; (B) Immediate postoperative CBCT; (C) Postoperative CBCT after
4 months.
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Figure 11. (A) Preoperative occlusal view; (B) Dental extraction of 24; (C) Mucoperiosteal flap;
(D) Passivity check; (E) Placement of Bond Apatite®; (F) Closing by the first intention; (G) One-
week follow-up.

Figure 12. Remains of inorganic material and abundant newformed bone. Some degree of spinal cord
fibrosis. (A) at 50× and (B) at 200×.Total bone length is 4.7 mm and newformed bone is 2.34 mm.
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4.4. Patient No.4

A 46-year-old woman with no known allergies or relevant medical or toxicological
history came to the clinic due to discomfort in the upper-anterior area. She presented
12, 11, 21, and 22 with metal-ceramic crowns, endodontics, with apical lesions in all of
them, and fistulas in the palatal area (Figure 13A). The patient explained that root canal
retreatment had already been carried out on these teeth, so conservative treatment was
ruled out and it was decided to extract all of them. A CBCT of the area was requested to
assess the possible placement of immediate implants, but after observing the apical lesions
(Figures 14 and 15), it was decided to place them in a second surgical phase. The 12, 11, 21,
and 22 were extracted and an alveolar preservation with Bond Apatite® was performed
according to the manufacturer’s protocol, extraction, profuse curettage of the alveolus,
placement of a Bond Apatite® syringe, compression with dry and sterile gauze, coverage
with collagen sponge and cross stitches (Figure 15A–D). There were no intraoperative
complications. Pharmacological recommendations and guidelines were delivered. A
week later, the patient came to have the suture removed, reporting pain. On examination,
alveolitis and loss of graft material were observed (Figure 15E). Amoxicillin/clavulanic
acid 875/125 mg every 8 h × 7 days was prescribed. Periodic monthly check-ups were
performed (Figure 13B–E) and at 4 months a new CBCT of the area was requested for
implant planning, where good healing and maintenance of bone volume were observed
(Figure 16). On the day of surgery, a trephine biopsy was taken in the regenerated area for
histopathological analysis (Figure 17) and two 4.2 × 12 mm Microdent® Genius implants
were placed in positions 12 and 22 following the drilling protocol for the commercial house
(Figure 13F). The same pharmacological regimen was prescribed on the day of the extraction
and monthly follow-up visits were scheduled. An immediate provisional screw-retained
prosthesis was made and placed. Currently, he must undergo the second surgical phase
and subsequent definitive prosthodontic rehabilitation.

 

Figure 13. (A) Preoperative IOPA; (B) Immediate postoperative IOPA; (C) One-week IOPA; (D) One-
month IOPA; (E) Two months IOPA; (F) IOPA after implant placement.

Figure 14. Previous CBCT. (A) 12 (B) 11 (C) 21 (D) 22.
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A B 

C D 

E F 

Figure 15. (A) Preoperative occlusal view; (B) Dental extractions; (C) Placement of Bond Apatite®;
(D) Suture; (E) 7 days’ follow-up; (F) 15 days’ follow-up.

 
Figure 16. Postoperative CBCT after 4 months. (A) 12 (B) 11 (C) 21 (D) 22.
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Figure 17. Few remains of inorganic material and abundant newly formed bone. (A) at 50× and
(B) at 200×. Total bone length 6.63 mm, and clearly newformed bone indistinguishable from the rest
3.53 mm.

4.5. Patient No.5

A 64-year-old male with no known allergies or medical or toxicological history of
interest came to the clinic to assess rehabilitation of the second edentulous posterior
quadrant by placing implants. CBCT was performed (Figure 18A) to assess bone availability
in the area. It was observed that it was necessary to perform a sinus lift with a lateral
window to have sufficient bone availability for the dental implant placement of 26 (3.6 mm
height). It was decided to use Bond Apatite® as the bone graft material. On the day of
surgery, the manufacturer’s protocol was followed, detachment of the mucoperiosteal flap,
preparation of the window and detachment of the sinus membrane, activation of the Bond
Apatite® syringe and waiting for 1 min, placement of Bond Apatite® in the mesial area
and compression with a periosteotome wrapped in a dry and sterile gauze, placement of
Bond Apatite® in the distal and medial area until the cavity is filled, compression with a
dry and sterile gauze from the outside of the window, reposition of the flap and suture
under tension (Figure 19). Two syringes of Bond Apatite® were used. No intraoperative
complications occurred and a CBCT was performed immediately after surgery (Figure 19)
where a bone height gain of 12.6 mm was observed. Postoperative recommendations and
pharmacological regimens were delivered. Periodic monthly check-ups were performed
and at 4 months a new CBCT was requested (Figure 18C) of the area for implant planning,
where good healing and bone height gain of 5.6mm were observed, a surprising result
since it means that, after 4 months, more than 50% had been lost on the day of surgery.
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On the day of implant placement, a trephine biopsy was taken in the regenerated area for
histopathological analysis (Figure 20) and a 4.25 × 10 mm Microdent® Genius implant
was placed at 26 following the drilling protocol of the commercial house. The same
pharmacological regimen was prescribed as on the day of the sinus lift, and monthly
follow-up visits were scheduled. Three months after the placement of the implant, the
second surgical phase was carried out, and prosthodontic rehabilitation is currently being
carried out.

Figure 18. (A) Preoperative CBCT; (B) Immediate postoperative CBCT; (C) Postoperative CBCT after
4 months.

 

Figure 19. Intraoperative photographs.
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Figure 20. Abundant newly formed bone in (A) at 50× and in (B) at 200×. Total bone length is
7.2 mm and newly formed bone is 5.4 mm.

4.6. Patient No.6

A 46-year-old man with no known allergies or relevant medical or toxicological history
came to the clinic to assess rehabilitation of the edentulous second posterior quadrant by
placing implants. CBCT was performed (Figure 21A) to assess bone availability in the
area. It was observed that it is necessary to perform a sinus lift with a lateral window to
have sufficient bone availability for implant placement since there was 6 mm in the 2.4 mm
area and 2.8 mm in the 26 area. It was decided to use Bond Apatite® as the bone graft
material. On the day of surgery, the manufacturer’s protocol was followed, detachment of
the mucoperiosteal flap, preparation of the window and detachment of the sinus membrane,
activation of the Bond Apatite® syringe and waiting for 1 min, placement of Bond Apatite®

in the mesial area and compression with a periosteotome wrapped in a dry and sterile
gauze, placement of Bond Apatite® in the distal and medial area until the cavity is filled,
compression with a dry and sterile gauze from the outside of the window, reposition of
the flap and suture under tension. Two syringes of Bond Apatite® were used (Figure 22).
No intraoperative complications occurred and a CBCT was performed immediately after
surgery (Figure 21B) where a bone height gain of 6mm was observed in the mesial area
and 9mm in the most distal part. Postoperative recommendations and pharmacological
regimens were delivered. Periodic monthly check-ups were performed and at 4 months a
new CBCT of the area was requested (Figure 21C) for implant planning, where good healing
and bone height gain of 6mm in the mesial area and 9mm in the distal area were observed.
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Currently, the patient must undergo implant placement surgery and subsequently a second
surgical phase and definitive prosthodontic rehabilitation. The results of the bone biopsy
are shown in Figure 23.

A B 

C 

Figure 21. (A) Preoperative CBCT at level 24, 25, and 26; (B) Immediate postoperative CBCT at level
24, 25, and 26; (C) Postoperative CBCT after 4 months at level 24, 25, and 26.

 

Figure 22. Intraoperative photographs.

137



Coatings 2022, 12, 1350

 

 

Figure 23. Abundant newly formed bone and some trabeculae of devitalized bone in (A) at 50× and
in (B,C) at 200×. Total bone length of 3.56 and newly formed bone of 3.01 mm.

5. Discussion

In this review, the number of articles included was limited due to the limited bibliog-
raphy on the subject; in addition, most of the included studies had a low level of evidence
and had small samples. There was a high level of heterogeneity concerning study design,
applications of calcium sulfate, and parameters studied. Due to this lack of homogeneity
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that complicated the interpretation and summary of the results, it was not possible to
compare and analyze the data quantitatively.

Maintaining the volume of the bone crest is important if the placement of implants in
the area is subsequently planned, which is why alveolar preservation procedures require
graft materials with specific characteristics [5,6].

It is important to take into account the speed and rate of resorption of the graft material,
as this influences its osteoconductive capacity. Osteoconduction requires that the bone graft
substitute have a rate of resorption similar to the rate of new bone formation. If the rate
of resorption is faster than the rate of bone growth, the new bone will not have a scaffold
to grow on. Conversely, if the graft material resorbs too slowly, it can remain in the bone
defect and block new bone ingrowth [35]. In the case of calcium sulfate, it can be concluded
that its resorption rate is favorable for the creation of new bone and for the maintenance of
bone volume. The studies included in the review observed a 16% [30,31] residual graft after
4 months. Mahesh et al. [36] quantified its presence between 4.3% and 11.5% after 6 months
and other studies [37] stated that, 12 months after the placement of calcium sulfate, it is
reabsorbed in 99% and is replaced in 85% by new bone. In this regard, the works carried
out by Ricci et al. [38] and, among others, Kadhim et al. [39] are very interesting. They
determined that CS acts as a bioactive material when placed in a bone environment. By
examining the CS during early periods, with histology, BEI, and XRM, Ricci et al. [38]
observed that the CS material did not simply dissolve. As it dissolved and receded, it left
behind a consistent latticework of a hydroxyapatite-like calcium phosphate mineral that
was stable: in the short term, acted as an osteoconductive trellis for new bone formation,
became incorporated in the new bone, and was then remodeled as the bone matured. On
the other hand, the main difference between the bioactive glass (BG) and Bond Apatite
(biphasic calcium sulfate/hydroxyapatite, BCS/HA) is that the latter (after activation) is
injected into the site and can be molded according to the needs of the clinician. It does not
require membrane coverage during the augmentation procedure [38].

The alveolar preservation cases that we performed (Case No. 2, Case No. 3, and Case
No. 4) using Bond Apatite® as bone regeneration material, obtained good results in terms
of maintaining bone volume. It should be noted that, in the cases where the protocol was
followed, and closure was not performed by the first intention, alveolitis and partial loss of
part of the material were observed after a week (Case No. 2 and Case No. 4); no difficulty
was presented for the subsequent insertion of the implants.

Bone grafts continue to be one of the most widely used therapeutic strategies for the
correction of periodontal bone defects. Both Trombelli et al. [40] and Reynolds et al. [41] in
their systematic reviews summarized that bone substitutes were significantly more effective
than open flap debridement in improving attachment levels and reducing probing depth.
Both Pandit et al. [28] and Mandlik et al. [29] agree that calcium sulfate is an effective
material in the treatment of periodontal defects since it is biocompatible, bioabsorbable,
osteoconductive, versatile, and easy to apply. The good results of this material encourage
testing its use in peri-implant treatments as it would provide a quick, comfortable, and
economical solution for the follow-up of peri-implantitis. Guarnini et al. [42] propose a
treatment combining the surface treatment of the implant with powdered abrasives and
the use of calcium sulfate as grafting material, obtaining good results.

Laino et al. [33] studied the use of calcium sulfate as a graft in sinus lifts with a lateral
window, obtaining good results, including a gain in bone height of more than 8mm, and
these results coincide with those of other studies, such as that of Guarnieri et al. [42] who
obtained a mean increase in bone height of 8 mm after 6 months and 2 years or that of
Kher et al. [43], who reported a slightly greater gain of 10.31 mm. In our series of cases
at 4 months, a bone gain of 6 mm and 9 mm was obtained depending on the area in the
first case (Case No. 5) and 5.6 mm in the second case (Case No. 6). In the second case, the
loss of more than 50% of bone height achieved was surprising when comparing the day of
surgery with the follow-up after 4 months.
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It is important to consider the size of the defect since it has been established that the
width at the base of the defect facilitates space provision and influences bone repair through
GBR [44]. Evidently, in tiny faults, the demand for augmentation and consequently the
projected gain is slightly smaller than in bigger defects [45]. Large defect augmentation
appears to be more difficult and technique-dependent.

Other factors that should be taken into consideration are the location of the defect,
since the anterior and posterior mandible and maxilla segments have differing bone prop-
erties [46], and the loading timing, since according to the literature, GBR around immediate
dental implant placement can improve hard tissue response during the healing period [47].

6. Conclusions

Calcium sulfate as a graft material in oral surgery has proven to be an effective,
predictable, practical, economical, and easy-to-handle material in different areas of im-
plant surgery.

Currently, the available literature on the use of calcium sulfate as a graft material in
implant surgery is scarce, and what is available provides low-quality evidence. That is
why more research studies on the subject are necessary to allow more comparisons and
meaningful conclusions.

After using Bond Apatite® in our case series, we can conclude that it is a useful and
easy-to-handle material in implantology practice, but more controlled studies should be
carried out in this regard to assess its long-term efficacy, especially in horizontal and/or
vertical regeneration.
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