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1. Introduction

Bone tissue has a remarkable ability to regenerate following injury and trauma [1–3].
However, the extent of bone loss or the presence of concurrent diseases can often surpass
the regenerative ability, leading to the failure of conventional procedures and, consequently,
the need for additional treatments [4,5]. In the field of bone repair, regenerative medicine en-
compasses all currently available treatments, including biological and material approaches
and their combination, which are being evaluated by researchers and clinicians [6–8].
This Special Issue, entitled “Bone Regeneration and Repair Materials”, is composed of
14 original and 2 review articles that can be grouped into the following three categories:
(1) physicochemical and mechanical characterizations of biomaterials for bone regeneration
and implants, (2) strategies to induce bone repair using biomaterials and/or cells and
(3) titanium (Ti) implants. We believe that this collection of information is of great interest
to researchers and clinicians dealing with bone tissue and offers new insights into the
interactions between bones and materials. We are appreciative to the Journal of Functional
Biomaterials team for inviting us to Guest Edit this Special Issue and to the authors from
eight countries who helped us build this impressive collection of scientific knowledge.

2. Overview of Published Articles

One of the main challenges in developing biomaterials as substitutes for bone tissue is
the emulation of the physicochemical and mechanical properties of bones. Using nacre from
mollusk shells with layered structures as a natural model for bio-inspired materials, Tra-
bizian et al. (contribution 1) fabricated nacre-like composites of hydroxyapatite (HA) and
polymers using a bidirectional freeze-casting technique. The mechanical characterization
of the composites indicated that increasing the HA fraction enhanced the mineral bridge
density, resulting in composites with higher flexural and compressive strengths, making
them potential candidates for use in orthopedics, such as spinal fusion and bone fracture
fixation implants. Based on the use of goose bone as a traditional medicine in Malay culture,
Abdul Rahman et al. (contribution 2) described a method for preparing goose bone ash
via bone calcination. They observed that sintering bones at 900 ◦C generated HA in the
mineralogical phase with a calcium/phosphate atomic ratio of 1.64, which is very close to
the ideal stoichiometric ratio of 1.67, creating possibilities for further investigations into
therapeutic approaches using goose bone ash to repair bone tissue. Marine sponges have
highly porous bodies and inorganic (biosilica) and collagen-like (spongin) organic contents,
making them potential structures for use as natural scaffolds in bone tissue engineering [9].
Santos et al. (contribution 3) demonstrated that scaffolds produced from two species of
marine sponges, despite exhibiting similar chemical compositions and porosities, presented
distinct osteogenic potential when implanted in noncritical bone defects created in rat
tibiae, with the scaffold with a higher degradation rate inducing more bone formation. As
mentioned by the authors, the development of sustainable mariculture techniques is crucial
for the generation of large-scale biomaterials derived from marine sponges for clinical
therapeutic applications. With a focus on materials for bone tissue engineering, synthetic
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polymers with adequate printability and mechanical properties have been employed to
fabricate scaffolds using several printing processing methods [10]. Gao et al. (contribution
4) applied digital light processing printing technology to fabricate a scaffold in which the
addition of gelatin methacrylate enhanced the osteoblast differentiation of mesenchymal
stem cells (MSCs) derived from rabbit bone marrow and increased bone formation in bone
defects created in rabbit femurs. Among the biomaterials with potential to substitute bone
tissue, 45S5 Bioglass® is of great relevance as a synthetic glass that was found to chemically
bond to bone [11,12]. Considering the repair of demanding bone defects such as the ones
in osteoporotic bones, Araújo et al. (contribution 5) incorporated teriparatide, a recombi-
nant fragment of the human parathyroid hormone, into 45S5 Bioglass® and observed a
promising result in terms of the bone repair of critical size defects created in ovariectomized
rat calvariae. The association between biomaterials and cells is a smart approach that
has been extensively investigated in bone tissue engineering [13,14]. For the first time,
Adolpho et al. (contribution 6) combined photobiomodulation therapy, which is known to
enhance bone repair, with a ceramic/polymer scaffold and MSCs and demonstrated that
the association of these three tools increased the bone formation in rat calvarial defects,
highlighting the need for innovative approaches and the combination of different tech-
niques to regenerate large bone defects. Another potential therapeutical application of stem
cells is in the prevention of the progressive degeneration of cartilage and subchondral bone
triggered by temporomandibular disorders, a subject deeply explored in a bibliometric
study performed by da Silva et al. (contribution 7). Oral health is directly linked to the
integrity of mineralized tissues of the stomatognathic system, including bone, enamel
and dentin, and biomaterials may contribute to the preservation of these tissues [15,16].
Dotta et al. (contribution 8) synthesized strontium-containing nanoparticles that formed a
mineral layer and penetrated dentin tubules, which resisted an acidic environment and
induced mineral deposition by human dental pulp stem cells. These nanoparticles combine
the abrasive properties of calcium carbonate with the ability of strontium to induce miner-
alization and can be added to dentifrice formulations to treat dentin hypersensitivity. In
the dental setting, implant placement in the posterior region of the maxilla often requires
prior procedures, and sinus floor elevation is the most common surgical approach for oral
implant-based rehabilitation [17]. Miyauchi et al. (contribution 9) used a rabbit model to
compare the healing pattern after sinus floor lifting with either non-collagenated bovine or
collagenated porcine xenografts, and they observed that despite both materials allowing
bone formation, the collagenated xenograft underwent higher resorption, resulting in a
greater amount of new bone. Despite the benefits of sinus floor elevation, Omori et al.
(contribution 10) used a rabbit model to demonstrate that contact with grafts induced the
thinning and possible perforation of the sinus mucosa, which have implications for clinical
outcomes and need to be further investigated. Ti is a powerful tool for promoting oral
rehabilitation because of its ability to osseointegrate, which might be affected by both bone
quality and quantity and implant surface features [18,19]. Santiago et al. (contribution 11)
developed and characterized a fluorapatite coating prepared using a hydrothermal method
and deposited it on commercial Ti implants. In a rabbit tibia model, this surface promoted
more bone formation, with increased bone-to-implant contact, compared to HA-coated
implants, making fluorapatite coatings an interesting approach for the enhancement of
implant osseointegration under challenging clinical conditions. Systemic diseases such
as osteoporosis and hypertension may disrupt the process of Ti osseointegration [20,21].
Indeed, Mulinari-Santos et al. (contribution 12) worked with spontaneously hypertensive
rats under antihypertensive therapy and showed that osteoporotic conditions induced
by estrogen deficiency impaired Ti osseointegration, even when the implant surface was
coated with an antiresorptive agent used to treat osteoporosis. Angiogenesis–osteogenesis
coupling is crucial for Ti osseointegration, and obesity may disturb this circuit, disrupt-
ing bone–implant interactions [22]. Pinto et al. (contribution 13) established an in vitro
experimental model of high adipogenesis and demonstrated that the proinflammatory
environment created by obesity interferes with endothelial cell responses to a Ti-enriched
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medium, which could explain the high implant failure ratio in the obese population. To
better understand bone response to Ti implants, it is important to investigate the cell signal-
ing pathways involved in osseointegration [23,24]. Teixeira et al. (contribution 14) used
a conditioned medium approach to show that a laser-modified Ti surface enhanced the
osteoblast differentiation of MSCs by downregulating the Wnt signaling inhibitor, Dickkopf
1. Souza et al. (contribution 15) stated that the high osteogenic potential of a nanostructured
Ti surface generated by chemical conditioning with H2SO4/H2O2 may be related to its
capacity to regulate the Hedgehog and Notch signaling pathways, and that the activation of
Hedgehog and the inhibition of Notch might synergistically affect osteoblast differentiation,
especially in cells grown on nanotopography. Although Ti, ceramics, glasses, and polymers
are the most commonly studied and used bone substitutes and implants, alternative mate-
rials have been investigated such as wood, which is a sustainable and renewable source
suitable for the production of biomaterials using more environmentally friendly processes,
a topic that is explored in a review prepared by Nefjodovs et al. (contribution 16).

3. Conclusions

This Special Issue demonstrates that a diverse range of materials and approaches
have emerged as promising and powerful tools in regenerative medicine to promote bone
repair, regeneration, and implant osseointegration. Additionally, this collection of studies
sheds light on the need to understand the cellular mechanisms involved in the interactions
between bones and materials in the search for optimized and smart therapies. We know that
there is a long way to go before most of the strategies presented here can be implemented
in clinical practice. Furthermore, we believe that the efforts of scientists and clinicians in
both basic and translational fields will accelerate this ride and uncover innovative therapies
to treat damaged bone tissue in a plethora of clinical situations, always seeking optimal
patient well-being.
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Abstract: One of the most ambitious goals for bone implants is to improve bioactivity, incapability,
and mechanical properties; to reduce the need for further surgery; and increase efficiency. Hydroxya-
patite (HA), the main inorganic component of bones and teeth, has high biocompatibility but is weak
and brittle material. Cortical bone is composed of 70% calcium phosphate (CaP) and 30% collagen
and forms a complex hierarchical structure with anisotropic and lamellar microstructure (osteons)
which makes bone a light, strong, tough, and durable material that can support large loads. However,
imitation of concentric lamellar structure of osteons is difficult to achieve in fabrication. Nacre from
mollusk shells with layered structures has now become the archetype of the natural “model” for
bio-inspired materials. Incorporating a nacre-like layered structure into bone implants can enhance
their mechanical strength, toughness, and durability, reducing the risk of implant catastrophic failure
or fracture. The layered structure of nacre-like HA/polymer composites possess high strength,
toughness, and tunable stiffness which matches that of bone. The nacre-like HA/polymer composites
should also possess excellent biocompatibility and bioactivity which facilitate the bonding of the
implant with the surrounding bone, leading to improved implant stability and long-term success.
To achieve this, a bi-directional freeze-casting technique was used to produce elongated lamellar
HA were further densified and infiltrated with polymer to produce nacre-like HA/polymer compos-
ites with high strength and fracture toughness. Mechanical characterization shows that increasing
the ceramic fractions in the composite increases the density of the mineral bridges, resulting in
higher flexural and compressive strength. The nacre-like HA/(methyl methacrylate (MMA) + 5 wt.%
acrylic acid (AA)) composites with a ceramic fraction of 80 vol.% showed a flexural strength of
158 ± 7.02 MPa and a Young’s modulus of 24 ± 4.34 GPa, compared with 130 ± 5.82 MPa and
19.75 ± 2.38 GPa, in the composite of HA/PMMA, due to the higher strength of the polymer and
the interface of the composite. The fracture toughness in the composition of 5 wt.% PAA to PMMA
improves from 3.023 ± 0.98 MPa·m1/2 to 5.27 ± 1.033 MPa·m1/2 by increasing the ceramic fraction
from 70 vol.% to 80 vol.%, respectively.

Keywords: biomimetic; bioactive; hydroxyapatite; nacre; bi-directional freeze-casting; nacre-like
composite; bone implants; mechanical properties; fracture toughness

1. Introduction

After decades of research on bioactive implants for bone repair and regeneration,
replicating the mechanical strength and toughness of cortical bone is still a challenge
for engineers and clinicians [1–3]. A perfect candidate biomaterial has biocompatibility
and mechanical properties similar to the bone in which it is implanted, such as Young’s
modulus, high tensile strength, stiffness, and fatigue resistance [4,5]. The most commonly
used materials for bone implants such as rods, screws, spinal fusion cages, and plates
are stainless steel (SS), titanium (Ti), and polyetheretherketone (PEEK). However, each of
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these materials also has its drawbacks, such as problems with stress-shielding in Ti and
SS implants and poor osteoconductivity in PEEK [3,6]. Therefore, there is a tremendous
need to find bioactive and biocompatible materials with bone-like stiffness, strength, and
toughness, that can prevent further postoperative complications, like limitation of range of
motion, reduce pain, and minimize the need for additional surgery [1,6].

Bone tissue can be divided into two types: cortical (or dense bone) and cancellous
(or spongy bone). Cortical bone has a porosity of 5–15%, while the porosity of cancellous
bone ranges from 40–95%. Cortical bone is composed of 70% calcium phosphate (CaP)
and 30% collagen, which forms a complex hierarchical structure with anisotropic and
lamellar microstructures. Osteons have a lamellar structure with a thickness of 3–7 μm
surrounded by blood vessels and nerves. Osteons are highly mineralized concentric bone
layers composed of aligned collagen fibrils, which can be considered as reinforcing and
toughening microelements. This structure makes bone a light, strong, tough, and flexible
material that can support large loads. The toughness of bone is the result of mutual
competition between extrinsic (crack-tip shielding) toughening mechanisms and intrinsic
(plastic deformation) toughening mechanisms. Intrinsic toughening mechanisms, such as
sliding of collagen fibrils and nucleation of micro- and nano-scale damages, are defined
as those that confer resistance to microstructural perturbations upstream of the crack tip.
Extrinsic toughening mechanisms, such as crack bridging and crack deflection reduce the
driving force contributing to crack propagation. The preferential orientation of osteons
in cortical bone provides an effective extrinsic toughness that is anisotropic. A crack that
propagates perpendicular to the osteons is more likely to be deflected and twisted than a
crack that propagate parallel to the osteons and thus may explain the anisotropy of fracture
toughness [1,3,6].

To develop synthetic biomaterial composites that can be used as bone implants, it is
necessary to imitate bone-like structures to reach the mechanical properties and other bio-
logical functionalities of real bone. Biological bone tissues indeed tend to have whisker-like
structures at nanoscales which consist of mineralized collagen nanofibers. The preparation
of such bone-like HA as a scaffold is essential to enhance the bone repair biologically. In
addition to bioactivity and biocompatibility, mimicking the hierarchical structure of natural
bone provides load-bearing capacity in the implant and minimizes stress concentration.
So, the composite exhibits similar mechanical properties to natural bone with long-term
stability, enhancing the lifespan of the implant and functionality for the patient [7–9].

In this regard, the comparison between bone and nacre structure shows good similarity
in terms of hierarchical microstructure and the toughening mechanisms through which
they operate [8].

So, nacre-like ceramic composites have opened new horizons for the fabrication of
biomimetic bone implants with high strength and toughness [5,6]. In the nacre structure of
seashells, a mechanism of toughness occurs based on the creation of weak interfaces where
cracks can be deflected and energy is dissipated by opening surfaces, resulting in higher
fracture toughness in ceramic constituents [10]. So, a good example of tough composites
are nacre-like composites, that mimic the brick-and-mortar microstructure of seashells.
Based on the design of the microstructure, the composite exhibits a rising resistance curve
(R-curve) indicating a higher amount of energy is required to propagate a crack. Various
methods have been used to develop nacre-like composites with hierarchical brick-and-
mortar microstructure, of which bi-directional freeze-casting has proven to be a powerful
method for producing bulk composites with excellent mechanical properties [11,12]. The
bi-directional freeze-casting method is a modification of the unidirectional freeze-casting
method, a polydimethylsiloxane (PDMS) wedge with different slopes is placed between the
suspension and the cold finger [10,13]. Due to the low thermal conductivity of the PDMS
wedge, the thinner side cools faster during freezing, resulting in a temperature gradient not
only in the vertical but also in the horizontal direction. The ice crystals nucleate only at the
bottom of the wedge and continue to grow preferentially in two directions. Bi-directional
freeze-casting is an effective method for generating long-range aligned lamellar structures,
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and has already been used to build various functional building blocks into nacre-like
composites [11,13,14].

In terms of materials, hydroxyapatite (HA) is the most stable calcium phosphate phase
with a Ca/P ratio of 1.67. It is formed in nature and can be extracted, but various ions and
vacancies form defective structures. Its solubility is low in physiological environments
determined by temperature, pH, body fluids, etc. Hydroxyapatite is considered a bioactive
material and is a mineral form of calcium apatite that closely resembles the composition and
structure of natural bone minerals. It is the primary inorganic component of human bones
and teeth. When used in medical and dental applications, hydroxyapatite demonstrates
bioactive properties, meaning it can interact with living tissues and promote biological
activity. This bioactivity is mainly due to the chemical similarity between hydroxyapatite
and the mineral component of bones and teeth. In terms of contacting living tissue, such
as bone or tooth surfaces, it can bond to the surrounding tissues through osseointegra-
tion. This integration enables the formation of a direct chemical and mechanical bond
between the hydroxyapatite material and the surrounding bone, facilitating bone growth
and regeneration [15,16].

Hydroxyapatite is commonly used in various biomedical applications, including bone
grafts, dental implants, and coatings for orthopedic implants. Its bioactive nature makes it
a desirable material for promoting tissue regeneration and improving the long-term success
and stability of implantable medical devices [17–19].

The surface of HA can serve as a nucleus for bone minerals in body fluid, which do
not cause inflammatory reactions when used clinically. They are osteoconductive but not
osteoinductive. However, they are mechanically weak and brittle and exhibit weaknesses in
strength and toughness, making it difficult to achieve the mechanical properties of cortical
bone [16,20].

Methyl methacrylate (MMA) is an important monomer, which is widely used for
producing polymethyl methacrylate in different biomedical applications, such bone ce-
ments, screw fixation in bone, and filler for bone cavities and skull defects [21,22]. To
fabricate nacre-like composite, PMMA with low viscosity and high strength makes it an
appropriate polymer phase compared to synthetic polymer like PLA, which can infiltrate
the ceramic scaffold to make the final brick-and-mortar microstructure. Based on the
literature, by infiltrating freeze-cast alumina scaffolds with poly (methyl methacrylate)
(PMMA) as a compliant layer, bending strengths of 210 MPa with remarkable fracture
toughness have been achieved that exceed a stress intensity of 30 MPa [23]. PMMA can
replace ceramic materials in areas where higher strength and toughness are preferred. Re-
sulting in a nacre-like SiC/PMMA composite, it reveals a rising crack resistance (R-curve)
behavior where the toughness increases with crack extension [24]. Investigations into the
role of the polymer phase in the mechanics of nacre-like composites show that the polymer
phase has a resounding impact on the mechanical performance of nacre-like composites.
The composite strength significantly increases with stiffer polymers like polyether ure-
thane diacrylate-co-poly(2-hydroxyethyl methacrylate) (PUA-PHEMA) and poly(methyl
methacrylate) (PMMA) by avoiding the stress concentrations at the mineral bridges [25].
Research shows that adding acrylic acid (AA) to MMA can modify the properties of PMMA
and may also imply the onset of new characteristics. Thus, the copolymerization of MMA
with acrylic acid (AA) has been intensively studied, and a variety of materials with useful
performance features have been obtained with potential medical applications for regen-
eration of soft tissues [21,26]. A copolymer of polymethyl methacrylate (PMMA) and
polyacrylic acid (PAA) can exhibit varying degrees of biocompatibility and biodegrad-
ability. PMMA is generally considered to be biocompatible and has been used in various
medical applications. PAA, on the other hand, is also generally biocompatible. When
PMMA and PAA are combined in a copolymer, resulting in a biocompatible material. The
incorporation of PAA into a copolymer can introduce biodegradability to some extent. PAA
is known to be biodegradable under certain conditions, and by combining with PMMA, it
can improve the biological activity of the final composite as well [27,28].
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In this study, the authors investigate and fabricate HA/polymer composites to improve
the brittleness and weaknesses of bioactive HA materials by mimicking the brick-and-
mortar structure of nacre through a bi-directional freeze-casting method. The effective
processing parameters for the mechanical properties of the composites were studied, and
the effects of the ceramic, interface, and polymer phases were cited as the most important
parameters for producing bone-like strength and tough, nacre-like HA/polymer composites
that could potentially be used in orthopedics such as spinal fusion and bone fracture
fixation implants.

2. Materials and Methods

2.1. Slurry Preparation

Hydroxyapatite (Captal S, Plasma biotal, Buxton, UK) with an average particle size of
2.5 μm was used as the ceramic material. Darvan 821A (R. T. Vanderbilt Co., Norwalk, CT,
USA) served as a dispersant that aided solute colloid formation, and polyvinyl alcohol (PVA
powder, MW: 30,000–70,000, Sigma Aldrich, Dorset, UK) was used as a binder. The slurry
contained 15 vol.% HA with 1.5 wt.% dispersant and 6 wt.% binder based on solids loading
were dispersed in deionized water and transferred to a polyethylene (PE) bottle containing
zirconia grinding balls and then milled (1600-VS-A, Pascal engineering, Crawley, UK) for
24–48 h at ambient temperature and high speed (~200 rpm). The amount of solid loading,
dispersant, and binder were optimized based on the rheological behavior and processability
of the sample after freeze-drying. After ball milling, the slurries were degassed by adding
0.1 mL octanol for 30 min to remove the air bubbles generated during slow ball-milling.

2.2. Fabrication of Nacre-Like HA/Polymer Composites

The slurry was poured into the PDMS molds with a slope angle of 10◦ and covered
with silicone to obtain a flat surface at the bottom of the sample. Freezing started at the
top line of the copper wedge and ended at the other side of the mold. The technical details
of bi-directional freeze-casting were reported in a previous work [29]. After freezing, the
ice formed in the frozen samples was sublimated in a freeze dryer (Lyotrap, Lte Scientific
Ltd., Oldham, UK) at −60 ◦C for at least 48 h for each sample under a vacuum pressure of
0.03 mbar. To control the ceramic fraction in the final composites, highly aligned lamellar
ceramic scaffolds were densified by a hydraulic press (PerkinElmer, Waltham, MA, USA).
Finally, a furnace with an oxidation atmosphere was used to sinter the green bodies; in the
first stage, the binder was burned out at 600 ◦C for 2 h, followed by dwelling at 1300 ◦C
for 4 h. The sintering procedure was determined based on the literature [5,30,31]. The
as-prepared scaffold with its long-range aligned lamellar structure was first grafted with γ–
methacryloxypropyltrimethoxysilane (γ–MPS, Sigma Aldrich, Dorset, UK) in ethanol at dif-
ferent concentrations and for different time periods. Characterization of the grafted ceramic
surface was performed by using an attenuated total reflectance (ATR) FTIR spectrometer
(PerkinElmer, spectrum-one FTIR, Waltham, MA, USA). In addition, the hydrophobicity of
the grafted surface was measured using a drop shape analyzer (DSA100, KRUSS, Hamburg,
Germany). Subsequently, the grafted scaffolds were infiltrated with a solution of methyl
methacrylate (MMA, Sigma Aldrich, Dorset, UK) and 0.5–1 wt.% azobisisobutyronitrile
(AIBN, Sigma Aldrich, UK) as an initiator, and acrylic acid (AA, Sigma Aldrich, Dorset,
UK) as a second polymer phase in Cast’ N Vac for 2 h, then heated at 45 ◦C for 24 h to
complete polymerization, and annealed at 90 ◦C for 2 h.

2.3. Characterization

A Zwick Roell universal testing machine (Z020, Zwick Roell, Ulm, Germany) was
used to determine compressive and flexural strength (ASTM Standard C1424-15 and
D790-15) [32]. Five specimens were tested for each condition. Porosity was measured
by the Archimedes method according to the standard (ASTM B962-17) [33]. Scanning
electron microscope (EM, Quanta 400-FEI Scanning Electron Microscope, San Diego, CA,
USA) was used to study the morphology of the different specimens. X-ray diffraction
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(XRD, Bruker D8 Advance, Coventry, UK), with Cu-Ka (λ = 1.54 Å) was conducted to
investigate any potential changes in the crystalline phase. The fracture toughness of the
specimens was measured by three-point bending on single-edged notched bending (SENB)
with ASTM E1820 [34]. The prepared SENB specimens were tested in situ at SEM using a
Deben Micro-Test 150 N bending stage (Deben, Bury Saint Edmunds, UK) with a support
span of 20 mm and a displacement rate for loading and/unloading of 0.1 mm/min. In situ
SEM was used to monitor crack propagation in the real-time and record high resolution
images after each loading and/unloading cycle.

Based on standard fracture mechanics, the post-fracture dissipated energy (J-integral)
was calculated as a function of crack extension with an overall straight trajectory of the
crack over the specimen depth (mode I). Fracture toughness, KJ, was determined by back-
calculation from the equivalence of mode I, J–K:

KJ =
√

J E′ (1)

The J-integral was formed from the elastic and plastic components as follows:

J = Jel + Jpl (2)

The elastic contribution was calculated using the theory of linear-elastic fracture
mechanics:

Jel = K2/ E′ (3)

where E′ is the elastic modulus of the composite under pure strain conditions and is
expressed as follows:

E′ = E/(1 − ν)2 (4)

Here, E is the modulus of elasticity of the composite, and ν is the Poisson’s ratio. E
was determined using the rule of mixtures, and ν = 0.3 was used for all composites. The
mode I stress-intensity K was calculated as:
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where P is the maximum load (N), S is the span (mm), B is the specimen thickness (mm), W
is the specimen width (mm), and a is the crack length (mm).

The plastic component Jpl was defined as:

Jpl = 1.9Apl/Bb (7)

where b is the uncracked ligament, and Apl is the plastic area under the curve between
loading and plastic displacement. According to ASTM, the maximum crack extension
for a specimen is given by Δamax = 0.25b0, where b0 is the initial uncracked ligament
determined as b0 = W − a0. Only the crack expansions within the range valid according
to ASTM are included in the linear fit [34–36].

3. Results

3.1. Effect of Ceramic Phase

After sublimation and sintering, an HA scaffold with a long-range lamellar structure
with 70% porosity was obtained. The scaffold was further densified by uniaxial pressing
to ≈20–40% porosity. Figure 1a illustrates the effects of ceramic fraction on wall thickness,
density of ceramic bridges, and compressive strength. The average value of five specimens
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for each ceramic fraction was given. Increasing the ceramic fraction from 60 vol.% to
80 vol.% increases the wall thickness from 17.89 ± 1.08 to 36.01 ± 1.89 μm with higher
bridges density and compressive strength of 167.5 ± 2.87, which was 57.47 ± 2.60 MPa.
Figure 1b–d show the microstructure of the composites based on ceramic fractions of
60 vol.%, 70 vol.%, and 80 vol.%, respectively. By increasing the ceramic fractions, the
wall becomes longer and thicker; moreover, the density of ceramic bridges increases from
5.89 ± 1.56 to 23.03 ± 2.07 (%), which is crucial for improving the strength and toughness
of the final composite because they can transfer and redistribute stresses and enhance the
frictional sliding between the ceramic layers, leading to improved mechanical properties.
(d. The yellow arrows show the increase in ceramic bridges due to the increase in the
ceramic fractions) [37,38]. The ceramic bridges are formed due to the conflict between
forced and preferential ice growth during bi-directional freeze-casting, resulting in an
oblique ice growth direction [39,40].

Figure 1. (a) Effect of ceramic fraction on ceramic wall thicknesses, ceramic bridges density, and
compressive strength. Increasing the ceramic fraction from 60 vol.% to 80 vol.%, results in an increase
in wall thickness to 36.01 ± 1.89 μm with a higher ceramic bridges density of 23.03 ± 2.07 (%) and a
compressive strength of 167.5 ± 2.87 MPa. (b–d) show the microstructure of the composite at ceramic
fractions of 60 vol.%, 70 vol.%, and 80 vol.%, respectively (Scale bars are 500 μm). (d) The yellow
arrows show the ceramic bridges increase by increasing the ceramic fraction. (e) Stress–strain diagram
of different composites with different ceramic fractions. Flexural strength increases to 130 ± 5.82 MPa
and the Young’s modulus is 19.75 ± 2.38 GPa for composites with 80 vol.%.

Increasing the ceramic fraction to more than 80 vol.% destroyed the brick-and-mortar
as the ceramic walls fused together and the distinct layered structure was lost in the subse-
quent sintering stage. Figure 1e shows the stress–strain curve of HA/PMMA composites at

11



J. Funct. Biomater. 2023, 14, 393

different ceramic fractions. The composites with different ceramic fractions showed similar
failure mechanisms but different strength values, the composite with 80 vol.% having a
flexural strength of 130 ± 5.82 MPa and Young’s modulus of 19.75 ± 2.38 GPa. However,
the composite with 70 vol.% ceramic fractions had a flexural strength of 115 ± 2.67 MPa
and Young’s modulus of 14.36 ± 2.38 GPa. These values were 52.68 ± 3.78 MPa and
10.11 ± 1.23 GPa for 60 vol.% ceramic fractions. Thus, higher ceramic fractions increase the
density of the ceramic walls and the mineral bridges, resulting in a stronger composite.

3.2. Effect of Interface

To produce a nacre-like ceramic composite, it is important to improve the interface
between the ceramic and the polymer. To this end, the silanization process is an important
procedure to establish a strong interface between the ceramic and polymer phases. HA
itself has O–H groups in the surface chemistry, which can establish a bond with the silane
group. Therefore, it is important to optimize the grafting of the HA scaffold to find the best
bonding and flexural strength based on Fourier-transform infrared spectroscopy (FTIR)
and contact angle measurement, which can confirm the silanization of the ceramic surface.

Figure 2a shows the results of Fourier-transform infrared spectroscopy (FTIR) in the
region of 4000–1000 cm−1 and contact angle analysis after silanization in different ratios of
25 wt.% and 50 wt.% –MPS/ethanol solutions at both grafting times of 12 h and 24 h. The
silane coupling agent usually acts as a kind of mediator that connects organic materials
with inorganic materials. The silane molecule consists of a silicon-based head and an
organic tail that is linked to inorganic and organic phases, respectively. In particular, the
silicon-based head can firmly bond to reactive groups on a substrate surface (e.g., glass,
metal, and ceramic) via a covalent bond. In other words, the O–H (hydroxyl group) on
the HA surface reacts with the –Si–OR (R is –CH3 for –MPS) on the head of the silane
molecule and then generates H–OR and the silane-grafted HA scaffold.

As shown in all ratios and grafting times compared to the non-grafted scaffold, there
is no peak and no change on non-grafted scaffold. The peaks at 1630 cm−1 were assigned to
the stretching bonds of carbon–oxygen double bonds (C=O), which were seen in all spectra
at all concentrations or times, and at 1720 cm−1, the carbon–carbon double bonds (C=C)
were assigned with increasing the time from 12 h to 24 h. Based on FTIR analysis, this strong
bond can occur in all configurations, but it was developed with time, which can possibly
show reaction progress through the conversion of a different functional group into a double
bond. The C–H stretching bonds was localized at 2980 cm−1 and relates to the –CH2CH2–
on the silane molecule determined after 24 h grafting for both concentrations of 25 wt.%
and 50 wt.% -MPS in ethanol. Figure 2b shows the schematic of silanization process
and effect of silanization conditions. The C=O and C=C found in FTIR spectra show the
organic tail on hydroxyapatite surface after grafting with -MPS. Based on FTIR results, the
silanization of the HA scaffold depends on the time and concentration of –MPS. Longer
immersion time and higher concentration of –MPS results in more complete coverage of
hydrophobic organic tails, leading to more covalent bond formation and strong interface.

The analysis of the contact angle of the grafted scaffold can confirm the hydrophobicity
of the surface which can lead to the optimization of the degree of silanization to achieve
a stronger bond between the ceramic and the polymer. Figure 2c–e show the effect of
silanization conditions on the hydrophobicity behavior of the scaffold. As shown in
Figure 2d the contact angles increase to the 83.5◦ due to silanization at the concentration of
25 wt.% –MPS grafted for 24 h; however, when the concentration of –MPS is increased
to 50 wt.%, the angle reaches 107◦, which shows hydrophobicity of the surface, which is
due to the grafting with a higher concentration of –MPS with functional carbon double
bonds. Thus, the ceramic surface forms covalent bonds with the polymer phase, resulting
in stronger interface between the polymer and ceramic phases and improving the strength
of the final composite.

Figure 3 shows how silanization affects the flexural strength of the final composite at a
constant ceramic fraction of 70 vol.%. Based on the FTIR and contact angle analysis, the
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maximum flexural strength of 117 ± 1.89 MPa belongs to the composite where the scaffold
was silanized in 50 wt.% –MPS for 24 h which shows stretching bonds of carbon–carbon
double bonds (C=C), carbon–oxygen double bonds (C=O), and carbon–hydrogen stretching
bonds (C–H) with a hydrophobic surface, resulting in stronger interface bonds between the
ceramic and the polymer.

 

Figure 2. (a) FTIR spectra of silane-grafted hydroxyapatite with –MPS in ethanol at different
concentrations and soaking times. (b) The schematic of silanization process and effect of silanization
conditions. The C=O and C=C found in FTIR spectra show the organic tail on hydroxyapatite surface
after grafting with –MPS. The contact angle images of the different samples show, (c) non-grafted
HA scaffold, (d) ethanol with 25 wt.% –MPS after 24 h, and (e) ethanol with 50 wt.% –MPS
after 24 h. It can be seen that increasing the ratio of -MPS improves the hydrophobicity of the
scaffold surface, which leads to stronger adhesion of the ceramic and polymer phases and thus better
mechanical properties.
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Figure 3. Flexural strength is based on different situations of silanization process. The maximum
value of the strength reaches 117 ± 1.89 MPa for the sample silanized with the highest concentration
of salinization solution and soaked for 24 h.

3.3. Effect of Polymer Phase

The polymer phase has a resounding influence on the mechanical properties of a
nacre-like composite. Figure 4a shows the effects of adding PAA to PMMA on the flexural
strength of the pure polymer. As shown by the addition of 5, 10, and 15 wt.% acrylic
acid to the polymer composition, the flexural strength increases compared to pure PMMA;
however, the results show that the optimum value in terms of highest flexural strength is
5 wt.% PAA. The presence of AA can form a covalent bond with the free radical of MMA,
which increases flexibility and allow stronger chain and elongation. Figure 4b shows the
FTIR results of HA/PMMA, the different polymer systems and the HA/PMMA + PAA.
Based on the FTIR, the combination of PMMA and PAA shows the presence of hydroxyl
group (O–H) around 3500 cm−1. In the composite spectra, there is no hydroxyl peak (O–H),
which shows that O-H groups introduce new bonds in the interface of ceramic and polymer,
resulting in stronger interfacial connection. Figure 4c shows the X-ray diffraction (XRD)
spectra of the ungrafted HA, grafted HA, HA/PMMA + PAA, and HA/PMMA exhibit
consistent patterns, indicating that hydroxyapatite remains the predominant crystalline
phase. The results from the XRD analyses indicate that neither the silanization process nor
the subsequent polymerization processes exert any discernible influence on peak shifting or
phase transformation, so the crystallinity of the samples remains un-changed throughout
the silanization and polymerization procedures. Therefore, the addition of PAA to the
polymer phase not only makes strong copolymer, but also with introducing new bonds in
the interface improves interfacial strength, which can increase the mechanical properties of
final composite shown in Figure 5.

From Figure 4a it can be seen that the addition of 5 wt.% PAA to PMMA is an optimum
level for the use of PAA in the polymer phase. Too high addition of PAA would lead to
an increase in stresses at the interfaces, resulting in lower flexural strength. At 5 wt.%
PAA, the mechanical properties improved, for instance the flexural strength increases from
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130 ± 5.82 to 158 ± 7.02 MPa shown in Figure 5, compared to the cortical bone values of
160 MPa which can be considered a good candidate for future bone implants.

 
Figure 4. (a) The effect of adding different amounts of PAA to PMMA on the flexural strength of
the polymer phase. (b) The FTIR results of the HA/PMMA, the different polymer phases, and
HA/PMMA + PAA. (c) The XRD spectra of the ungrafted HA, grafted HA, HA/PMMA + PAA,
HA/PMMA, show that hydroxyapatite is the main crystalline phase and silanization and polymer-
ization do not have effect on peak shifting or phase changing and the crystallinity is identical.
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Figure 5. The effect of the addition of PAA on the mechanical properties of HA/PMMA with the
same ceramic fraction composites. The flexural, compressive strength, and Young’s modulus increase
to 158 ± 7.02, 189.09 ± 6.45 MPa, and 24 ± 4.34 GPa, respectively, compared with the value of cortical
bone of 160, 150 MPa, and 21 GPa, respectively. The mechanical data of the cortical bone were taken
from the literature [41–43].

Figure 6a shows the crack-propagation behavior of different composites with different
ceramic fractions and polymer systems, observed in situ in a SEM; this allowed real-time
observation of the crack propagation and its interaction with the microstructure during
toughness measurement. Cracks are deflected at the ceramic/polymer. Stretching and
tearing in the polymeric (mortar) can serve as a ligament bridge spanning the crack to
carry the load for crack propagation, resulting in additional crack bridging and subsequent
pull-out in ceramic (bricks). According to Section 3.1, ceramic bridges can improve the
strength and fracture toughness of nacre-like composites by transferring and redistributing
stresses to control sliding of individual ceramic layers and prevent delamination. Ceramic
bridges increase the roughness of the ceramics, which leads to sliding interference between
the ceramic walls during crack propagation, which can improve fracture toughness by
energy dissipation of the interference [23,44]. In addition, the polymer phase in a nacre-like
composite plays the role of a lubricant phase through which the sliding of the ceramic walls
is controlled, leading to high stress release and energy dissipation (Figure 6 indicated with
yellow circles). Therefore, as discussed in Section 3.2, silanization can provide stronger
interfaces between the ceramic and the polymer and improve the effectiveness of polymer
as a viscoelastic adhesive. All of these intrinsic toughening mechanisms are similar to those
operating in natural nacre and cortical bone [8,45].

Figure 6b shows the KJ curve based on crack extension of three composites groups
with different ceramic fractions and different polymer phases. The fracture toughness
of the composites was measured by determining the area under the load–displacement
curve and dividing by the area of the fracture surface. All composites show the re-
sulting R-curve behavior, with the average value of fracture toughness increasing to
3.023 ± 0.98 MPa·m1/2 by adding 5 wt.% PAA at 70 vol.% ceramic fraction compared
to the composite with the same ceramic fraction containing PMMA. By increasing the
ceramic fraction to 80 vol.% in the composite of PMMA + 5 wt.% PAA, the fracture tough-
ness increases to 5.27 ± 1.033 MPa·m1/2, which is quite close to toughness behavior of the
cortical bone.
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Figure 6. (a) The crack-propagation behavior of various samples with different ceramic fractions
and polymer systems, observed in situ in a scanning electron microscope (SEM). The yellow cir-
cles indicated the crack deflections and ceramic pull-out. Scale bars are 500 μm. (b) R–curve of
fracture toughness (KJ) of composites, addition of 5 wt.% PAA to PMMA increased the fracture
toughness to 3.023 ± 0.98 MPa·m1/2 at 70 vol.% ceramic fraction and increases to the value of
5.27 ± 1.033 MPa·m1/2 at higher ceramic fraction of 80 vol.%.

4. Discussion

The main goal of this research is to study and fabricate newly designed bone implants
that are bioactive and biomimetic in addition to having high strength and fracture tough-
ness. These new implants can improve the efficiency of bone implants and save patients
from further problems and surgeries. Taking a cue from nature, a nacre-like composite
in which brittle materials such as ceramics can form a tough and strong composite by
designing the microstructure. As a result, a hydroxyapatite (HA)/polymer composite with
brick-and-mortar structure was developed based on bi-directional freeze-casting method.
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These HA/polymer composites are bioactive and, because they mimic the microstructure
and mechanical properties of cortical bone, can be considered a good candidate for a new
bone implant.

The effective parameters in composite materials can be divided into three main groups,
ceramic, interfacial, and polymer. The higher the percentage of ceramic fractions, the thicker
and denser the ceramic wall, resulting in higher density of mineral bridges, and higher
flexural and compressive strength. The microstructural characterization of composites with
different ceramic fractions shows that by increasing the ceramic fractions from 60 vol.% to
80 vol.%, the ceramic walls become thicker and longer, and the density of ceramic bridges
increases from 5.89 ± 1.56 to 23.03 ± 2.07 (%) with increasing the ceramic fractions from
60 vol.% to 80 vol.% (see yellow arrows in Figure 1d). The strain-stress curve shows that
all the composites without considering the ceramic components exhibit ductile failure
caused by the brick-and-mortar microstructure of the composites. The flexural strength and
Young’s modulus increase from 115 ± 2.67 MPa and 14.36 ± 2.38 GPa to 130 ± 5.82 MPa
and 19.75 ± 2.38 GPa, for ceramic fraction of 70 vol.% and 80 vol.%, respectively. These
results are consistent with other nacre-like composites. Sana et al. reported that the flexural
strength of Alumina/polymer nacre-like composite increases from 145.77 to 172.65 MPa
when the ceramic fraction is increased from 70 vol.% to 76 vol.% [29]. Tan et al. show that
increasing the ceramic fractions of zirconia in a nacre-like 3Y–TZP/polymer composite
increases the density of mineral bridges and Young’s modulus [6].

In addition to the ceramic phase, the interface is also an effective parameter for the
development of a tough and strong nacre-like composite. In order to obtain a stronger
interface between ceramic and polymer, ceramic surfaces must be grafted to establish
the covalent bonds with polymer. The silane-grafted surfaces of HA grafted in 50 wt.%

–MPS for 24 h, as shown in Figure 2a,e, exhibit stretch bonds of carbon–carbon double
bonds (C=C), carbon–oxygen double bonds (C=O), and carbon–hydrogen stretch bonds
(C–H) with hydrophobic surfaces. This results in covalent bonds of the ceramic with
the monomer infiltrated into the scaffolds, giving the flexural strength of 117 ± 1.89 MPa
shown in Figure 3, which is higher than that of the composite non-grafted and the com-
posite grafted at the concentration of 25 wt.% for 24 h. Thus, the flexural strength of the
composite materials correlates with the interface, and the interface can be improved by
grafting or silanization of ceramic surfaces at a suitable level. Olga et al. reported that
silanization affects the mechanical properties of the composite HA/PMMA. The hydrox-
yapatite particles were treated with a silane coupling agent, so that the adhesion between
HA and PMMA was improved and the compressive strength increased [46]. Launey et al.
show that grafted alumina/PMMA has higher mechanical properties than non-grafted. For
a composite with a constant ceramic wall thickness of 20 μm, the flexural strength was
90 MPa in non-grafted composite and 112 MPa for grafted composite [23].

The polymer composition affects the mechanical properties of the final composite. As
can be seen in Figure 4a, mixing PAA with PMMA increases the flexural strength of polymer
compared to PMMA; however, this improvement has an optimum value of 5 wt.%; beyond
that, there is a downward trend. The FTIR analysis shown in Figure 4b shows that mixing
PAA with PMMA forms hydroxyl groups on the surface of the polymer phase, which can
also be introduce new bonds in interface. As shown in Figure 4b, O-H group on a surface
of PAA can interact with free or residue groups on a surface of ceramic, which enhances the
strength of interface, as well. The X-ray diffraction (XRD) spectra reveal that the crystalline
phase remains unchanged subsequent to both silanization and polymerization processes,
as illustrated in Figure 4c. Figure 5 shows how the mechanical properties of the composites
change when PAA is mixed with PMMA. The flexural strength increases from 130 ± 5.82 to
158 ± 7.02 MPa, the compressive strength improves from 167.5 ± 2.87 to 189.09 ± 6.45 MPa,
and the Young’s modulus increases from 19.75 ± 2.38 GPa to 24 ± 4.34 GPa. All this is due
to the improvement in the flexural strength of the neat polymer, as shown in Figure 4a, and
improvement in the interface due to the introduction of hydroxyl groups into the interface.
The results of other work show that the addition of PAA to PMMA increases the elongation
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of the polymer and improves the mechanical properties as a copolymer. In addition, the
number of polymer chain anchors was increased, and the interface interaction becomes
stronger. Therefore, PAA molecules can act as bridges between polymer and ceramic,
resulting in higher interfacial bonding force, and significant improvement in mechanical
strength. In the absence of PAA, the interfacial strength is relatively weak, resulting in
relatively low flexural strength [26].

Fracture toughness is an important feature for mimicking bone implant development
because osteons play a role of toughening microelement in cortical bone. The toughness of
cortical bone is the result of competition between intrinsic and extrinsic mechanisms operat-
ing in this tissue [2]. A nacre-like composite as a result of brick-and-mortar microstructure
shows an intrinsic toughening mechanism like cortical bone. Hydroxyapatite itself, like
other ceramics, is a brittle material that exhibits low toughness and has catastrophic fail-
ure. The fabricating nacre-like HA/polymer composites resulted in extrinsic toughness
mechanisms in the composite, where the brick-and-mortar microstructure reduces the
crack-driving force behind the crack tip. In addition, the polymer phase can contribute to
plastic deformation and act as a lubricant.

Figure 6a shows the in situ images SEM for composites with ceramic fraction of
70 vol.% infiltrated with PMMA and PMMA + 5 wt.% PAA; also, the composites with
higher ceramic fractions of 80 vol.% in the same polymer compositions of PMMA + 5 wt.%
PAA, all composites show tortuous cracking. In addition, crack deformation, pull-out of
ceramic bricks, and frictional sliding between ceramic walls were also observed, all of which
are extrinsic toughening mechanisms. Fracture toughness characterization of HA/polymer
composites showed a rising R–curve behavior in different ceramic fractions of 70 vol.%, and
80 vol.% and polymer composition approved the hypothesis of a rising R–curve behavior
of nacre-like composites as shown in Figure 6b. As shown, the addition of PAA to PMMA
increases the fracture toughness of the composite from 1.99 ± 0.78 to 3.023 ± 0.98 MPa·m1/2

which is caused by higher strength in the composites consist of copolymer of PMMA + PAA.
In turn, increasing the ceramic fraction from 70 vol.% to 80 vol.% in the same polymer
compositions, the fracture toughness reaches 5.27 ± 1.033 MPa·m1/2. Hao et al. showed the
same results for HA/PMMA nacre-like composite, where the fracture toughness improved
with increasing ceramic fraction. The value of fracture toughness increases with the increase
in ceramic fractions [5]. Therefore, it can be concluded that the fracture toughness correlates
with the ceramic fraction. It could be explained by the extrinsic toughness mechanisms
mentioned above that when the ceramic fraction is increased from 60 vol.% to 80 vol.%, the
density of the ceramic bridges and wall thickness increase, resulting in thinner polymer
layers and increasing the stress-relieving lubricating effect. Hongbo et al. show the same
results by decreasing the thickness of the polymer layers and thus increasing the fracture
toughness in a nacre-like composite material [34].

5. Conclusions

In summary, a good combination of high strength and toughness was achieved in
a nacre-like, bioactive HA-polymer composite fabricated by bi-directional freeze-casting.
Ceramic, interface, and polymer are the main effective parameters leading to potential com-
posites for future bone implants. Increasing the ceramic fractions in the brick-and-mortar
microstructure increases the density of the ceramic bridges, resulting in better mechani-
cal properties. The composites HA/PMMA with ceramic fractions of 60 vol.%, 70 vol.%,
and 80 vol.% exhibit flexural strength of 52.68 ± 3.78, 115 ± 2.67, and 130 ± 5.82 MPa,
respectively. The nacre-like HA/polymer composite exhibits a-rising R–curve behavior
caused by the brick-and-mortar microstructure. The addition of 5 wt.% PAA to PMMA
increases the number of polymer chains and the chains are more elongated, resulting in
higher mechanical properties of the composites compared to pure PMMA. The flexural
strength and fracture toughness were improved by about 20% to 158 ± 7.02 MPa and
5.27 ± 1.033 MPa·m1/2, respectively, at 80 vol.% ceramic fraction. The strong, tough, bone-
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matching and bioactive materials are expected to out-perform the materials currently used
in orthopedics such as spinal fusion and bone fracture fixation implants.
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Abstract: Goose bone is traditionally applied for many ailments including bone fractures. Goose
bone that consists of calcium phosphate plays a major role in bone regeneration. In this study,
the production of goose bone ash (GBA) was translated from a traditional process into one of a
laboratory scale via thermal and mechanical methods. The GBA was thermally processed via calci-
nation at 300 ◦C and 900 ◦C. The differences in physicochemical properties between studied GBA
(SGBA) and commercial GBA (CGBA) were elucidated via Fourier transform infrared (FT-IR), X-ray
fluorescence (XRF), X-ray diffraction (XRD) and electron diffraction X-Ray (EDX). The morpholog-
ical properties of SGBA and CGBA were characterized using field emission scanning electron mi-
croscopy (FESEM) in which nano-sized particles were detected. The results showed that the SGBA of
300 ◦C had comparable physicochemical properties to those of CGBA. A high processing temperature
was associated with decreasing organic compounds and increasing crystallinity. The finding from
EDX suggests that sintering at 900 ◦C (SGBA 900) demonstrated the presence of hydroxyapatite
in the mineralogical phase and had a Ca/P atomic ratio of 1.64 which is comparable to the ideal
stoichiometric ratio of 1.67. Findings from this study could be used for the further exploration of
GBA as a potential material for bone regeneration via the elucidation of their biological properties in
the next experimental setting.

Keywords: goose bone; bioceramic; calcium phosphate; bone regeneration; physicochemical prop-
erty; hydroxyapatite

1. Introduction

Bone is one of the natural bioceramics that contains calcium phosphate as a potential
material for improving the treatment of bone disease. An injured bone can be easily healed
due to the high capacity of bone regeneration, but if the injuries exceed a critical size, a
scaffold or template is required to induce the growth of bone tissue [1]. For this purpose,
goose bone was selected as one alternative scaffold with which to regenerate defective
bone tissue. The utilization of goose bone as a traditional remedy is widely used in Malay
culture as it can help in the healing of bone fractures due to its mineral content. Other than
that, it was believed that a consistent consumption of goose bone in daily life could boost
the immune system [2].

Avian species such as goose have a unique type of bone that is mainly found in their
females, known as medullary bone. Medullary bone is a layer of material found inside
a regular bone in birds. It forms a porous and spongy layer inside the bones of females
when they are going to lay eggs. In terms of mineral content, the skeleton consists of a
calcium-rich medullary bone. The formation of medullary bone was induced via the use of
estrogenic and androgenic hormones during the egg laying cycle [3]. During the oviposition
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cycle, the demand for calcium is higher and calcium metabolism is largely derived from
dietary sources and skeletal reserves [4]. To accommodate the increased calcium demand
from the bone, the medullary bone is made without a mechanical function [5]. This spongy
bone material supplies a labile calcium source for eggshell formation and is located within
the medullary cavity of the mid-diaphysis of long bones, particularly those of the legs [4].
From previous reports, the source of calcium is one of the crucial ingredients that must be
in the bioceramic scaffold [6,7]. Therefore, the utilization of unique avian bones such as
goose bone may present a great opportunity to develop beneficial calcium phosphate-based
material to fill the gap of the current issue in bone regeneration treatment.

Generally, normal bone tissue is made up of type 1 collagen and hydroxyapatite (HAp),
which are highly compatible with bone functions throughout the body [8]. These structured,
mineralized and elastic natural materials support and protect other tissues in the body
system. The ideal bone repair material must possess good biocompatibility to maximize
the osteogenesis process and good degradability to accelerate the regeneration of bone.
These characteristics are the requirements for the implantation site of the scaffold [8–10].

Calcium phosphate-based material is biocompatible, osteoconductive, and osteoin-
ductive, properties which are favored in medical industry, particularly in orthopedics,
dentistry, and the coating application of metallic implants [11]. This bioceramic material is
densely structured with textured granulated fillers suitable for bone reconstruction due to
its similarity with the natural mineral composition of bone tissue. HAp, Ca10 (PO4)6 (OH)2,
is the main mineral component of bones and teeth; it occurs naturally in calcium phosphate-
based material. The physical and chemical properties of natural hydroxyapatite and bone
are found to be identical as both of them have a porous structure, that makes them biocom-
patible [12]. HAp can be obtained naturally or synthetically, and the need for this material
depends on the medical applications due to its different physicochemical properties. Nowa-
days, the production of nanohydroxyapatite (nano-HA) has drawn significant interest
in the field of bone regeneration. The utilization of nanoparticles in many applications
including bone regeneration therapy is an added advantage. Surface properties behave
differently at the nanoscale and due to these properties, nanoparticles can improve the
surface functionalization that is useful in medical treatments.

Natural HAp can be derived from natural sources such as animal bones, scales, shells,
and mineral materials, which are basically composed of calcium, as the major constituents.
The production of natural HAp is non-stoichiometric since trace elements such as Na, Zn,
Mg, K, Si, Ba, Fe, and F, and ions such as CO2

−3, were found in the organic materials [13].
Basically, these impurities affect the content of calcium and hence produce a higher HAp
ratio (>1.67) compared to that of stoichiometric HAp. The chemical composition of natural
HAp resembles that of the inorganic part of structured bone, which is beneficial for rapid
bone regeneration due to its richness of anions and cations [14]. The presence of ion
substitution in the apatite structure affects the crystallinity phase, which influences the
dissolution rate, significantly enhances the cell proliferation of human osteoblast cells and
eventually promotes osseointegration [15].

It has also been reported that the existence of amino acid sequences in the collagen of
structured bone helps cell growth by binding the cells and initiating signal transduction [16,17].
Other organic sources in the bone skeleton, including fibronectin and laminin, have a
biological property that regulates cell growth upon contact with cells [16]. Collagen type I
in the bone matrix is the most abundant extracellular matrix (ECM) protein and is a crucial
material for bone strength. A previous study demonstrated that the interaction between
bone marrow cells and collagen type I led to their differentiation into osteoblast cells via an
increase in osteogenic gene expression and an elevation alkaline phosphatase activity [18].

Previously, several studies have shown the usage of different animal bone ashes for
bone regeneration therapies [19–21]. The efficacy of bone ashes as scaffolds depend on
the bone composition ratios. These ratios determine the mineral content of thermally
processed bone ash. The processing temperature plays an important role, resulting in
the mineralogical structure of the calcified bone. As reported, the crystallinity of the
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bone ash increases as the temperature increases. In mammals such as porcine animals,
cancellous bone particles demonstrated a larger surface area and greater pore volume at a
lower burning temperature (below 400 ◦C) than at a high temperature (above 1200 ◦C) [20].
A denser structure achieved at a high temperature may offer a good property for bone
scaffold, biologically. In other species such as ovine species, cortical bone revealed an
increase in crystallinity with increased temperature and a longer processing time [21].
Similar characteristics were observed for goose bone ash at a high burning temperature,
except the structure of goose bone is more porous than that of the other bones. This
structure provides a greater surface area with a larger pore size that is potentially good
for osteoblast and bone regeneration [22]. The purpose of this research is to provide in-
depth observations of the differences in physicochemical and morphological properties
between CGBA and SGBA via XRF, FTIR, XRD and FESEM. The SGBA was subjected to
two different heating temperatures, i.e., 300 ◦C and 900 ◦C. The heating temperature of
300 ◦C was selected based on a common approach for the deproteinization of bone which
involves a low processing temperature [23]. Meanwhile, the selection of 900 ◦C is based
on a previous study which mostly suggested the ideal sintering temperature for HAp
production from natural bone to be in the range of 900–1200 ◦C [24]. These results will
pave a way for the investigation of goose bone ash potential as an alternative material with
which to promote bone regeneration.

2. Materials and Methods

2.1. Preparation of Goose Bone Ash (GBA)

Goose bones which were poultry waste were collected from a farmhouse located in
Pasir Mas, Kelantan, Malaysia. The goose bones were collected from the waste of adult
geese slaughtered for commercial purposes. In this study, two types of bone samples were
used, which were commercial GBA (control group) from Roxhana Ventures Sdn. Bhd. and
the studied GBA (study group). The studied GBA (SGBA) is a bone ash that is produced at
the laboratory scale. The SGBA was prepared by washing the raw bones, cutting them into
small pieces and finally drying them in the oven for 4 h. Eventually, the ash bone sample
was obtained via the calcination of the bones at 300 ◦C and 900 ◦C using a furnace (Daihan
Wise Therm, Seoul, Republic of Korea) for 3 h. There were two types of SGBA samples
(300 ◦C and 900 ◦C) and the physicochemical characterizations of these materials were
executed and were compared to those of CGBA.

2.2. Physicochemical Characterizations
2.2.1. X-ray Fluorescence (XRF) Measurement

The CGBA and SGBA elemental analyses were conducted using Rigaku Supermini 200
Wavelength Disperse X-ray F Spectrometer (WDXRF). The elemental oxide composition
of the ash bone samples was determined. The value of each element was quantified as a
percentage and the value was calculated based on mass.

2.2.2. Fourier Transform Infrared (FTIR) Measurement

The functional groups in the GBA were detected via FTIR spectroscopy. The ash
samples were mixed with potassium bromide (KBr) powder and crushed in a mortar before
pellets were made. The samples were analyzed with Perkin Elmer. Data spectra were
collected in the absorption mode between 4000 and 400 cm−1 with a resolution of 1 cm−1.

2.2.3. X-ray Diffraction (XRD) Measurement

The X-ray diffraction patterns were obtained using Rigaku Smartlab X-Ray Diffrac-
tometer (Tokyo, Japan) with Cu Kα radiation (λ = 1.5406 Å), at an accelerating voltage of
30 kV and a 20 mA current, and the measurement was performed at room temperature.
Diffractograms were recorded from 10–80◦ on a 2θ scale with a rate of 10◦ per minute. Prior
to the analysis, the GBAs samples were oven-dried at 60 ◦C overnight. Then, the powder
samples were ground with a pestle and pressed into a disc pellet with a 30 mm diameter.
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The samples were inserted in the vacuum and analyzed for 20 min. The XRD analysis
determined the changes in the mineral phase of bone ash during heating or burning. The
amorphous and crystalline phase of the samples generalized the pattern of mineral phases.

2.2.4. Field Emission Scanning Electron Microscopy (FESEM) Measurement with Electron
Diffraction X-ray (EDX)

The morphology, shape, and texture of the GBAs were analyzed via field emission
scanning electron microscopy (FESEM) (Quanta 450 FEG, Fei, Eindhoven, The Netherlands).
The GBA powders were stored in a desiccator prior to the analysis. Then, the samples were
mounted on the SEM specimen stubs and coated with a thin layer of gold using an ion
sputtering device (Leica EM SCD 005, Prague, Czech Republic) at current and vacuum
values of 20 mA and 0.05 mbar, respectively. The morphology of GBAs was observed using
FESEM at magnifications of 500 and 100,000.

3. Results and Discussion

3.1. XRF Analysis

The elemental comparison between GBAs is outlined in Table 1. The differences in
the elemental content were calculated using mass (%). In the X-ray fluorescence analysis,
it was revealed that calcium (Ca) was the main constituent in GBAs with an average of
75% to 81%. The SGBA 300 demonstrated the highest value of 80.6% compared to those of
SGBA 900 and CGBA which were 77.7% and 75.7%, respectively. In addition, other major
elements that were generally found in bone such as phosphorus (P), potassium (K), chlorine
(Cl), ferrous (Fe), magnesium (Mg) and sulfur (S) were detected in all GBA samples except
for SGBA 300 in which no Mg was detected.

Table 1. Results of elemental analysis of GBA via XRF (% mass).

Elemental Content (% Mass)

Element Mg Si P S Cl K Ca Fe
CGBA 0.316 0.407 18.5 0.379 0.913 3.48 75.7 0.381

SGBA 300 - 0.487 16.7 0.363 0.495 1.25 80.6 0.107
SGBA 900 0.641 0.445 20.2 0.0913 0.314 0.328 77.7 0.277

Based on the results, there were differences in the element contents of the GBA samples,
such as those of Ca, P, and Mg. This could be because of the type of goose bone that was
utilized as the raw material in producing bone ash. There was no information provided
about the breed and the exact age of the obtained goose bones from the local slaughterhouse.
These goose attributes can influence the hydroxyapatite composition of calcified tissues [25].
A similar study by Bahrololoom et al. successfully demonstrated the detection of numerous
elements in cortical bone from cattle [26]. The variations of elements in bone noticeably
rely on some biological factors such as nutrition [27].

In addition to having Ca and P as its main constituents, GBA contains small amounts of
inorganic elements such as Mg, Na, K, Zn, and Sr in the HA structure. Apatite replacement
with the aforementioned inorganic ions is known to have a significant impact to such an
extent that it affects biological HAp functions. The introduction of Mg impurities into
HAp structures has been demonstrated in earlier research to help promote osteoblast
proliferation, which is essential for the generation of bone [28].

Ca is one of the ions that are mostly found in the bone matrix, and is mainly found in
the form of calcium phosphate [7]. From Table 1, the element phosphorus (P) shows a range
from 16% to 21% across all samples in which SGBA 900 exhibited the highest value (20.2%).
A previous study showed that a high concentration of calcium ions from bone can induce
the cell proliferation of osteoblasts and help osteoblastic activity for bone regeneration [29].
Meanwhile, phosphorus is an essential element to maintain biological structure and also
bone mineralization [30].
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The phase composition of GBA (Table 2) shows the content of calcium, phosphorus
and magnesium (in oxide forms) of natural HAp extracted from goose bone. The range
of CaO in all GBA samples lies between 63% and 67%, and this result is somewhat higher
than that for the CaO found in bovine bone that was only around 53.4% [26]. The higher
composition of Ca in GBA might be due to the presence of medullary bone in female avian
species that is rich with Ca content as a labile source. Based on the phase composition of
CaO and P2O5, the calculated values of Ca/P for CGBA, SGBA 300 and SGBA 900 were
1.99, 2.30 and 1.87, respectively.

Table 2. Phase composition of GBA under different heating processes determined via XRF (% mass).

Phase Composition (% Mass)

Element MgO2 SiO2 P2O5 SO3 Cl K2O CaO Fe2O3
CGBA 0.413 0.667 31.6 0.652 0.623 2.76 63.0 0.276

SGBA 300 0.385 0.820 29.0 0.677 0.369 1.54 67.0 0.0833
SGBA 900 0.826 0.717 33.9 0.152 0.208 0.256 63.7 0.194

3.2. FTIR Analysis

Basically, calcium phosphate-based materials such as GBA were determined according
to their Ca/P molar ratio, but from a chemistry perspective, they are formed of three main
elements: calcium, phosphorus, and oxygen. In Figure 1, the FTIR analysis of GBA shows
the characteristic bands associated with functional groups PO4

3−, OH− and CO3
2−. In

general, the highest intensity and sharpness of the peaks were due to the phosphate and
hydroxyl group which was the highest in SGBA 900 compared to that in SGBA 300 and
CGBA, indicating the increased crystallinity of HA. The spectrum also shows that multiple
peaks of phosphate ions were detected which were 1052 cm−1 (asymmetric), 604 cm−1 and
548 cm−1 (bending). The absorption bands of CGBA specifically appeared at 1037 cm−1

(asymmetric stretching) and at 603 cm−1 and 564 cm−1 (bending). Meanwhile, the presence
of phosphate ions for SGBA 300 were detected at 1031 cm−1 (asymmetric) and 604 cm−1

and 562 cm−1 (bending).

Figure 1. FTIR spectrum of CGBA and SGBA.

The displayed bands at approximately 2854 cm−1 and 2924 cm−1 (Figure 1) were
obviously detected for SGBA 300, but the bands were visible for the rest of the bone
ashes. These bands could be attributed to asymmetric C-H bonds in the aliphatic chains of
collagen, particularly those of the amide group [31]. A previous study reported that three
types of amide absorption bands were identified from the processed natural bones: amide I
(1600–1700 cm−1; C=O stretching vibrations), amide II (1500–1550 cm−1; N-H deformation
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and amide III (1200–1300 cm−1; N-H deformation and other complex modes resulting from
a mixture of several coordinate displacements) [31].

The detection of the absorption band of amide type I at 1706 cm−1 and amide type II at
1508 cm−1 of SGBA 300 was observed but, not for SGBA 900, and this result was similarly
found in a previous study [32]. Meanwhile, the absorption band of amide (type II) for
CGBA was slightly detected. However, all GBA samples did not reveal any absorption band
for amide (type III) formation. The previous study reported that when the amide group was
associated with a water molecule, the formation of a hydrogen bridge occurred; therefore,
the absorption band in a range of 3330 cm−1–3425 cm−1 were very noticeable for SGBA
300 [33]. This result may indicate the co-existence of an inorganic part (calcium phosphate)
and organics traces in goose bone ashes [32]. As reported, bone tissue is composed of 60%
inorganic components (hydroxyapatite), 30% inorganic components (bone matrix protein)
and 10% water [34].

Functional analysis for SGBA 300 revealed that the thermal processing of the sample
did not fully destroy the organic part and that it was considered hybrid organic–inorganic
material. Additionally, the FTIR analysis of CGBA demonstrated the reduction property of
the organic component compared to that in goose bone calcified at 300 ◦C. This occurrence
of this phenomenon might be due to the unknown traditional processing method of CGBA,
particularly in the thermal aspect which might be due to a secrecy issue of the industry.
However, it can be speculated that CGBA was processed either at a higher temperature or
with several more stages of the heating process than those used for processing SGBA 300
based on the current analysis. A small peak at 1414 cm−1 which corresponds to that of the
carbonate groups (CO3

2−) was detected for CGBA and SGBA 300 but not for SGBA 900,
confirming the isolation of carbonated HA from the goose bone at 900 ◦C. The amount of
the remaining organic material is crucial as it determines the ability to safely use grafting
materials without provoking any immunological reactions [35]. In addition, the absorption
bands of amide groups are also no longer visible for SGBA 900, indicating the degradation
of the collagen structure [36]. Regardless of the intensity of the peaks, both SGBA samples
demonstrated a similar fingerprint region of the IR spectra to that of CGBA where the
absorption bands below 1500 cm−1 indicated the presence of molecules in the mineral part
of bone.

3.3. XRD Analysis

The phase identification of GBA samples was performed using X-ray diffraction.
Figure 2 demonstrated the XRD patterns of commercial goose bone ash and calcinated goose
bone at temperatures of 300 ◦C and 900 ◦C. The crystalline nature and phase composition
were confirmed via the XRD analysis. The obtained XRD spectra were compared to those
in the COD 9,002,214 standard HAp data. As shown in Figure 2, all the crystalline peaks
in the XRD spectra closely matched with the peaks in standard HAp. This means that the
thermal process produced natural HAp. The XRD results also suggest that the HAp present
in the goose bone matrix was not disrupted by calcination at up to 900 ◦C.

It is evident that when the calcination temperature was increased to 900 ◦C, the
intensity of the diffraction peaks increased, and the peaks sharpened and narrowed. This
may have been due to the crystal size and crystalline nature becoming more prevalent at
a higher temperature. The CGBA and SGBA 300 that was calcined at 300 ◦C displayed
larger peaks with a low intensity, indicating that the organic material remaining in the bone
matrix had not completely been removed.

28



J. Funct. Biomater. 2023, 14, 351

 

Figure 2. XRD spectra for commercial (CGBA) and calcinated (SGBA 300 and SGBA 900) goose
bone ash.

Heating at a lower temperature, such as 300 ◦C, produces broad diffraction peaks that
correlate to poor-crystallinity apatite, possibly due to the presence of a low concentration
of carbonated groups in the sample. This is indicated by the FTIR spectrum of SGBA 300
(Figure 1) that exhibited that the band of carbonate ions is at 1000 which is stronger and
broader, indicating that an increase in carbonate ions causes a decrease in the crystallinity
of the structure [37]. Spence et al. reported that carbonate hydroxyapatite structured
material accelerates osteogenesis by enhancing bioresorption [38]. By increasing the heating
temperature to 900 ◦C, the diffraction peaks become more intense, sharper, and narrower,
suggesting an increase in crystallinity and crystal size. This suggests that as the temperature
increased to 900 ◦C, the raw, amorphous goose bone transformed into a crystalline phase
with a diminishing organic phase and carbonates [39]. This is supported by Haberko
et al. that found the concentration of carbonate groups to decrease when the calcination
temperature is above 700 ◦C [40].

The percentage of crystallinity and the crystallite size of the samples were calculated
using Scherrer’s equation. Table 3 shows the percentage of crystallinity and the crystallite
size of commercial goose bone ash and calcinated goose bone. The calcination process
being conducted at a higher temperature causes changes in the crystallite size. Broader
diffraction peaks reflect a smaller crystallite size. The crystallite size was bigger for SGBA
900 compared to that for SGBA 300 and CGBA, which might be due to particle coarsening
during sintering.

Table 3. Percentage of crystallinity and crystallite size of commercial and calcinated GBA.

Samples Crystallinity Crystallite Size

CGBA 71.6% 20.0 nm
SGBA 300 62.7% 23.6 nm
SGBA 900 81.4% 38.3 nm

A previous study by Stastny et al. suggested that HA with higher crystallinity tends
to have lower solubility and slower degradation rates [41]. Fulmer et al. also investigated
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the impact of crystallinity on the solubility of the studied ceramics. Among the investi-
gated apatite materials with reduced crystallinity and carbonate substitutions, sintered
hydroxyapatite characterized by high crystallinity was the least soluble [42].

3.4. FESEM Analysis

The investigation of the morphology and size of GBA powders was carried out via
FESEM analysis as shown in Figure 3.

 

Figure 3. FESEM image of (a) CGBA, (b) SGBA 300 and (c) SGBA 900 at different magnifications.

Figure 3a–c demonstrate the images of the GBA samples under a resolution/magnification
of 80,000 and 50,000, respectively. The result shows the changes in the surface morphology
of the commercial bone powder and the studied bone powder at different temperatures.
As shown in Figure 3a, the particles of CGBA exhibit the formation of highly agglomerated
particles. This bone powder had no well-defined shape with an irregular size. The cotton-
shaped nanoparticles of the GBA samples were observed via FESEM imaging. The range
of nanoparticles of CGBA was detected to be between 23 nm and 67 nm through FESEM
imaging. The broader size distribution of CGBA may have contributed to the random
aggregation of nanoparticles, resulting in space formation between nanometer-sized parti-
cles [43]. Consequently, an irregular porous structure was created, and this corresponded
with the semi-crystalline phase of the electron diffraction pattern (Figure 2). A previous
study also reported that there were changes in the surface morphology of the bone powder
during the calcination process. A high temperature disintegrated the organic and inorganic
phase of the sample powder; thus, multiple pores with a more compact microstructure
were able to form [44]. This finding correlates with that of the morphological property of
SGBA 300 (Figure 3b) which indicates the dense and thick structure of the sample. These
denser nanoparticles (>10 nm) had a smooth texture with a sharp edge appearance.

Meanwhile, nanoparticles of SGBA 900 (Figure 3c) were measured (>100 nm) and
structured as crystallite particles. The decomposed bone powder was also observed to be
aggregated as coral reefs and appeared as distinct nanoparticles. Hoque et al. and Odusote
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et al. found out that the temperature of calcination affects the transformation of particle
sizes [44,45].

At a high temperature (>650 ◦C), ab enlargement of particle sizes was discovered,
and this may be related to the absorption of heat energy by the particles [45]. Scaffolding
materials such as nanohydroxyapatite can have potential in strengthening the mechanical
properties of bone substitutes as well as promoting the process of osteogenesis of the
osteoblast cell [46].

Through the EDX spectrum shown in Figure 4, the existence of two main peaks
corresponded to the elements Ca and P for every GBA. The Ca/P ratios of CGBA and both
SGBA samples were obtained through FESEM/EDX semiquantitative chemical analysis.
The calculated ratios for CGBA, SGBA 300 and SGBA 900 were approximately 2.05, 2.50
and 1.64, respectively. These values follow a similar trend and are close to those values
from the XRF data. The SGBA 900 that was thermally treated and sintered at 900 ◦C showed
a Ca/P ratio that appeared to be very close to the stoichiometric value, which indicates
an optimum thermal temperature. This value is comparable to the ratio of calcified goose
beak bone studied by Kim et al. which was reported to be 1.63 [19]. In contrast, CGBA and
SGBA 300 had a higher Ca/P ratio compared to the stoichiometric HAp value of 1.67. This
might have been a result of the CaO produced during the calcinations [47].

 

Figure 4. EDX spectrum of (a) CGBA, (b) SGBA 300 and (c) SGBA 900.

This result is consistent with that of the XRD analysis (Figure 2), which demonstrated
the level of the crystalline phase in the GBA samples’ structures. SGBA 900 is considered
pure HAp due to its smaller variation in calcium/phosphorus atomic ratios (Ca/P). The
range of the Ca/P ratio of 1.650 to 1.667 plays an important role in the mechanical char-
acteristics of the bioceramic materials because different values will affect the treatment
behavior [48]. The physicochemical and biological properties of HAp significantly changed
when the Ca/P ratio exceeded 1.67. The strength of HAp decreased, and the defects of the
HAp crystal structure were inhibited by ionic nuclei such as F−, Cl−, CO3

2−, Mg2+, and
Sr2+ [49]. However, the greater number of these apatite nuclei enhanced biological activity,
compared to the case with pure HAp. Overall, natural HAp has high chemical stability, but
has flaws in its mechanical properties which will influence the scaffold’s property.
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4. Conclusions

In this study, we produced SGBA 300 and SGBA 900 and compared their physicochem-
ical properties to those of commercial goose bone ash (CGBA). The experimental results
show that the different temperatures used during calcination revealed the distinguished
physicochemical properties of decomposed bone powder. FTIR analysis indicated the
existence of an organic compound (an amide group) in CGBA and SGBA 300, but at a
higher temperature of calcination (SGBA 900), the absorbance peak of the amide group
disappeared. SGBA 900 was found to be highly crystalline via the XRD spectrum, showing
a small variation in the Ca/P ratio (1.64) compared to that of other GBA samples. The
different variations in the Ca/P ratio obtained through semiquantitative (FESEM/EDX)
analysis indicated the different structures of the mineral phase in every GBA powder. In
addition, the morphological property of the decomposed bone powder revealed the exis-
tence of nanoparticles. CGBA was indicated to have an amorphous structure with greater
porosity, whilst SGBA 300 had a compact and dense particle structure. Meanwhile, SGBA
900 presented crystallite particles with a minimally agglomerate structure. In conclusion,
the physicochemical properties of SGBA 300 are comparable with those of CGBA, but
SGBA 900 shows a significant improvement in mineralogical properties, and the molar
ratio of this natural HAp is in the range of that of stoichiometric HAp. Therefore, SGBA
900 is a promising substitute material for bone regeneration. However, the efficacy of the
materials in terms of regenerative properties needs to be assessed to warrant their function.
Additional in vitro research is needed to evaluate cytotoxicity, osteogenic cell attachment
and proliferation to measure immunogenicity, graft resorption, and new bone formation.
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Abstract: A highly porous structure, and an inorganic (biosilica) and collagen-like organic con-
tent (spongin) makes marine sponges potential candidates to be used as natural scaffolds in bone
tissue engineering. The aim of this study was to characterize (through SEM, FTIR, EDS, XRD,
pH, mass degradation and porosity tests) scaffolds produced from two species of marine sponges,
Dragmacidon reticulatum (DR) and Amphimedon viridis (AV), and to evaluate the osteogenic potential
of these scaffolds by using a bone defect model in rats. First, it was shown that the same chemical
composition and porosity (84 ± 5% for DR and 90 ± 2% for AV) occurs among scaffolds from the
two species. Higher material degradation was observed in the scaffolds of the DR group, with a
greater loss of organic matter after incubation. Later, scaffolds from both species were surgically
introduced in rat tibial defects, and histopathological analysis after 15 days showed the presence of
neo-formed bone and osteoid tissue within the bone defect in DR, always around the silica spicules.
In turn, AV exhibited a fibrous capsule around the lesion (19.9 ± 17.1%), no formation of bone
tissue and only a small amount of osteoid tissue. The results showed that scaffolds manufactured
from Dragmacidon reticulatum presented a more suitable structure for stimulation of osteoid tissue
formation when compared to Amphimedon viridis marine sponge species.

Keywords: bone tissue engineering; demospongiae; natural biomaterial; marine sponges; scaffolds

1. Introduction

Biomaterial-based therapy has increasingly become a viable strategy for treating bone
fractures. Synthetic or naturally occurring, every type of biomaterial has a unique set of
characteristics. Polyurethanes, polyesters, metals such as titanium and other synthetic
polymers have advantageous properties over natural ones especially because of their
abundance, limitless designs and customizable attributes. They require, however, chemical
alterations since they lack cell adhesion sites and are, therefore, considered to be less
biocompatible [1,2].

As a vast source of natural biomaterials, marine biodiversity has lately been gaining
prominence in scientific research around the world. Among the invertebrates that stand
out in different studies, marine sponges (Phylum Porifera) are primitive sessile animals
characterized by being multicellular, filter-feeding and structurally porous [3].

It is indeed a fact that these animals archaically filter water for feeding with mi-
croorganisms that confer them unique characteristics for their use as biomaterials in the
engineering of bone tissue. Their porous architecture with interconnected pores would
favor, once implanted in patients, the passage of cells and blood vessels and, consequently,
tissue regeneration [3]. Thus, adequate structural characteristics of the implant play a
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fundamental role in the efficiency of the treatment since the formation of the new tissue
depends on an adequate migration and proliferation of the cells responsible for this process
and also on the invasion of new blood vessels within the implanted scaffold. This infiltra-
tion will only properly occur if the scaffold is structurally favorable, especially in terms of
porosity, pore size and pore interconnectivity. In addition to being a source of precursor
cells that will be later responsible for the new tissue formation, vascularization may also
have its relevance since it provides the nutrients needed for cellular metabolism and the
removal of its residual products [4,5].

Besides their structural peculiarities, marine sponges have, like the bone itself, a
skeleton composed of an organic component, named spongin, and inorganic components
such as biosilica [6,7]. Spongin is a protein similar to vertebrate collagen that has also been
used in the production of scaffolds for tissue bioregeneration [8] because it allows cell
attachment, proliferation and migration through the biomaterial [9]. Based on this, spongin
is an excellent alternative to animal collagen, due to the low risk of transmission of infection-
causing agents and good biocompatibility [10,11]. Biosilica is an inorganic element that is
known to drive bone cell differentiation and increase mineralization [6,11,12].

The ideal scaffold for bone substitution, regardless of whether it is natural or synthetic,
needs to be biocompatible, porous, have osteoconductive and osteoinductive capacities,
mechanical properties similar to those of bone and a rate of degradation compatible with
the process of bone remodeling [3,13].

Previous in vitro studies showed that osteoprogenitor cells were able to grow and
attach onto the sponge skeleton. Green et al. [14] demonstrated that the skeleton of Spongia
sp. enabled human osteoprogenitor cells’ adhesion, expansion and invasion. Alkaline
phosphatase and type I collagen histochemical stains showed that the bone matrix could
be formed. Lin et al. [15], by also evaluating a sponge skeleton with a collagenous fibrous
network (Callyspongiidae sp.), showed that mouse primary osteoblasts were able to anchor
onto the surface of collagen fibers, express osteoblast markers (osteocalcin and osteopontin)
and form mineralization nodules. Likewise, SaOS-2 cells were able to grow and colonize
the bioceramic structure of Petrosia ficiformis sponges after calcination [16], addionally
demonstrating the advantages conferred by sponge scaffold architecture as a template for
bone cell growth, differentiation and mineralization [17].

These ancient multicellular organisms boast a diverse array of skeletal structures that
have evolutionary-approved 3D-scaffold-like qualities and appear to be highly suitable for
use across a range of fields within modern bioinspired materials science, biomimetics and
regenerative medicine [16]. Even though several in vitro studies speculate its potential for
use as a scaffold, only one study has been conducted with the aim of analyzing the in vivo
potential of using marine sponges in their natural state until now. Nandi et al. [18] carried
out an investigation to identify and characterize marine sponges as potential bone scaffolds.
For this purpose, samples of marine sponge Biemna fortis (class Demospongiae), collected
from the intertidal region of Anjuna, India, were implanted in femoral defects in rabbits.
After 90 days, the results showed that marine sponges of the mentioned species, combined
or not with growth factors (IGF-1 and BMP-2), were biocompatible and biodegradable, and
could be considered as a new natural biomaterial for bone tissue engineering purposes.

Based on the above, sea sponges, with their porosity, biosilica and spongin, can be
potentially considered as innovative bone substitutes, which would allow the development
of new therapeutic resources for the improvement of patients’ quality of life. Additionally,
since they a natural, abundantly found material, their use would contribute to a reduction
in the treatment costs in public health systems. However, this potential is still largely
unexplored. Despite several studies evaluating the use of compounds extracted from
marine sponges, only one in vivo study was found in the literature evaluating the marine
sponge skeleton as a bone-mimicking biomaterial. Moreover, this single study did not
perform quantitative evaluations of the bone healing process. Finally, since sponges
structurally differ among species, we hypothesize that their osteogenic potential would also
be different. In this way, the present study performed a physical-chemical characterization
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and an evaluation of the in vivo osteogenic potential of scaffolds manufactured from two
species of marine sponges with the aim of developing efficient substitutes for guided bone
regeneration. The species of Porifera used in this study were Dragmacidon reticulatum and
Amphimedon viridis, which are abundantly present on the Brazilian coast.

2. Materials and Methods

It is important to note that this study is registered in the National Management
System of Genetic Patrimony (Sistema Nacional de Gestão do Patrimônio Genético, SisGen,
registration number A56D034).

The marine sponge species Dragmacidon reticulatum and Amphimedon viridis, both
belonging to the class Demospongiae, were used in this study. These two species (Figure 1)
were specifically chosen for being abundant and easily found on the Brazilian coast. Both
have porous skeletons composed of spongin and biosilica, which are interesting elements
in the context of bone repair. The sponges were collected in high hydrodynamic coasts, in
the intertidal zone, in the area of São Sebastião, Brazil (23◦49′23.76′′ S, 45◦25′01.79′′ W) and
in the area of Enseada do Araçá (23 No. 81′73.78′′ S, 45◦ 40′66.39′′ W, São Sebastião, Brazil).
An amount of 200 g of each marine sponge species was collected for this study.

Figure 1. Summary of research methodology showing samples of marine sponges of the species
Dragmacidon reticulatum and Amphimedon viridis, scaffolds manufactured from these sponges and the
experiments performed.

After the collection, the sponges were washed with running water, classified according
to their species’ characteristics and kept in the freezer until use. To produce the scaffolds, the
sponges were cut with a trephine-type dental drill (3i Implant Innovations Inc., Palm Beach
Gardens, Florida, USA) and a scalpel blade for the manufacture of 3 mm diameter × 2 mm
thick scaffolds (Figure 1). The produced scaffolds were freeze-dried and sterilized by
ethylene oxide (Acecil Central de Esterilização Comércio e Indústria Ltd.a—Campinas/SP,
Brazil). The parameters used for the freeze drying were −40 ◦C and 600 uHG (DIM
Liofilizador LT X.X00—Terroni Equipamentos Cientificos Ltd.a—São Carlos/SP, Brazil).

Characterization analyses of the scaffolds were performed before and after an incu-
bation period, the conditions of which were determined according to the Kokubo proto-
col [19–21]. For the SEM, FTIR, XRD and EDS aanlyses, the scaffolds were incubated in
simulated body fluid (SBF; pH 7.4) in a ratio of 1:10 (mass of the material (g): volume of the
SBF (mL)) during a period of 21 days. Samples were evaluated before (day zero) and after
incubation at periods 1, 7 and 21 days. For pH and mass loss evaluations, the scaffolds
were placed in 3 mL of phosphate-buffered saline (PBS, pH 7.4) and incubated at 37 ◦C in a
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water bath on a shaker table (70 rpm) for 21 days. These analyses were performed before
(day zero) and after incubation of scaffolds at periods 1, 3, 7, 14 and 21 days.

2.1. Surface Morphology Analysis (SEM)

A scanning electron microscope (SEM, Le0 440, Carl Zeiss, Jena, Germany), operating
at a 10 keV electron beam, was used to morphologically analyze the scaffolds surface. This
technique consists of obtaining the enlarged image of the sample from the interaction of
an electron beam with the material. For this, the samples were fixed on an aluminum
base using a carbon tape. Next, due to the non-conductive properties of the samples
(organic origin), they were covered with a thin layer of conductive material; in this case,
the material used was gold. Thus, images were obtained with magnification of 500×, in the
above-mentioned periods, in order to assess the morphology of the initial surface and the
degradation behavior of the biomaterials (n = 5).

2.2. Fourier Transform Infrared Spectroscopy (FTIR)

To identify the chemical bonds present in the material, Fourier-transform infrared
spectroscopy (IRAffinity-1S-FTIR Shimadzu spectrophotometer, São Paulo, Brazil) was
used. The specters were obtained in the range of 4000–400 cm−1, with a resolution of 4 cm1

(n = 3).

2.3. X-ray Diffraction (XRD)

The crystalline phase of the material was evaluated by X-ray diffraction (XRD) with
Philips X’Pert MPD diffractometer, Cu-Ka (l = 0.154 nm), 45 kV, 30 mA. Data were collected
at angles between 20◦ and 60◦ at the IQSC(USP), São Paulo (n = 3).

2.4. Energy Dispersive X-ray Spectroscopy (EDS)

This analysis was carried out by means of equipment IXRF Systems 500 coupled to a
scanning electron microscope (SEM) that allowed a qualitative evaluation of the chemical
elements present in the samples, with 0.5% mass detection [22] (n = 5).

2.5. pH Evaluation

Directly after removing samples from the incubation medium (n = 5), pH of incubation
medium was measured with a pH meter (Orion Star A211, Thermo Scientific, Waltham,
MA, USA).

2.6. Degradation Analyses

The mass loss evaluation was performed to determine the degradation of biomaterials
in liquid medium. After the experimental periods of incubation in PBS, the samples were
oven-dried overnight at 37 ◦C and weighed on a precision balance. The relation between
the final weight obtained and the initial weight was calculated to quantify the mass loss in
percentage, according to the following equation: % Mass loss = ((fm − im)/im) × 100%,
where fm is the sample mass after immersion in PBS and im is the sample mass before
immersion in the same solution (n = 5).

2.7. Porosity Evaluation

The porosity of Dragmacidon reticulatum and Amphimedon viridis scaffolds were evalu-
ated according to the Archimedes’ principle (Equation (1)). First, scaffolds (1 cm × 0.4 cm)
were obtained by cutting the sponges with a cutter. The scaffolds were dried overnight
at 37 ◦C. The scaffolds were then weighed on a precision balance. The density of water
was also calculated (mass/volume). Later, the scaffolds were placed in a glass container
with 5 mL of water and the values of mass (grams) and volume (mL) were recorded. The
scaffolds were removed from the glass container and the weight of the water was again
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recorded. The scaffolds’ density was calculated using the values of water + scaffolds and
water weight differences. For the porosity calculation, the following formula was used:

Porosity (%) = m1 − m3.WD[(m1.WD) + (SM.SD)] − (m3/WD) × 100 (1)

where m1 is initial mass of water, m3 is water mass after removing the scaffold, WD is the
water density, SM is the scaffold mass and SD is the scaffold density (n = 5).

2.8. Biological Evaluation
2.8.1. In Vivo Study

Thirty male Wistar rats were used (12 weeks old, weight 300–350 g) in this study. All
rats were submitted to a surgical procedure in which a unicortical non-critical bone defect
was performed in both tibias. The animals were randomly divided into 3 groups: control
group (CG)—defects were left unfilled; Dragmacidon reticulatum group (DR)—defects were
implanted with scaffolds of marine sponge Dragmacidon reticulatum; Amphimedon viridis
group (AV)—scaffolds that were implanted belonged to the species Amphimedon viridis.
After surgical procedure, the animals were kept at a controlled temperature, 12 h light–dark
period, with free access to water and standard food. This study was approved by the
Ethics Committee on the Use of Animals (CEUA) of the Federal University of São Paulo
(2017/3011170417).

2.8.2. Surgical Procedures

A non-critical-sized bone defect, 3 mm in diameter, was performed in the upper third
of each rat tibia (10 mm below the knee joint) by using a motorized trephine drill (3i
Implant Innovations Inc., Palm Beach Gardens, Florida, USA) irrigated with saline solution
(Figure 2A). Then, the wounds were closed with resorbable Vicryl® 5-0 (Johnson & John-
son, Sint-Stevens-Woluwe, Belgium). Surgeries were performed according to the ethical
principles of animal instrumentation, at standard conditions of asepsis and general anes-
thesia. Initially, the animals were anesthetized with intraperitoneal injection of ketamine
(80 mg/kg), xylazine (8 mg/kg), acepromazine (1 mg/kg) and fentanyl (0.05 mg/kg) in a
single syringe. In addition, a single dose of cephalothin antibiotic (60 mg/kg) was given
preoperatively. Next, trichotomy and antisepsis were performed with the aid of a shearing
machine and sterile gauzes containing 2% degermant iodine, which was followed by three
steps of 70% ethanol application in the surgical focus.

 
Figure 2. (A) Scheme showing the procedure for creating the tibial bone defect in rats. (B) Total
region of interest analyzed for the histomorphometric parameters.
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All animals were then submitted to the surgical creation of bone defects bilaterally
in the tibias, but only the animals of DR and AV groups received implants (scaffolds) as
treatment. After surgery, anti-inflammatory meloxicam was administered subcutaneously
at a dose of 2 mg/kg and, after 24 and 48 h, at a dose of 1 mg/kg. Finally, the animals were
placed in individual boxes with free access to water and food and were monitored until
anesthesia was completely over. Additionally, postoperative animals were monitored daily
throughout the whole treatment period, with pain parameters being constantly evaluated.
The animals were euthanized by drug overdose (intraperitoneal injection of ketamine
240 mg/kg and xylazine 24 mg/kg) 15 days after surgery.

2.8.3. Histological Procedures

After sample collection, the left tibias were dehydrated with 70% ethanol for three days.
They were then dehydrated in absolute ethanol (100%) for a further three days, diaphanized
in toluene for one day and included in the methyl methacrylate resin (Merck acrylic resin).
The obtained blocks were sanded and cut using a microtome (Leica Microsystems SP
1600, Nussloch, Germany). Five-micrometer-thick sections were perpendicularly obtained,
considering the medial–lateral axis of the implants. Histological sections were stained with
Goldner’s tri-chromium (Merck).

2.8.4. Histological Analysis

The qualitative analysis of the slides was performed by means of the morphological
description of bone defects, according to the following criteria: presence of newly formed
bone tissue (primary and secondary bone), granulation tissue, presence of fibrosis and
biomaterial. Analyses were performed blindly on the 10× objective.

2.8.5. Histomorphometric Analysis

A microscope (Labophot 2ª, Nikon, Minato City, Tokyo) coupled to the OsteoMeasure
software (OsteoMetrics, Atlanta, GA, USA) was used for the quantitative analyses. Mea-
surements were performed in the fields located in the medial region of the bone defect,
from the upper border until the bottom of the defect, using the 10× objective. The total
region of interest (ROI) was 1.85 ± 0.38 mm2 (Figure 2B). The following histomorphometric
parameters were obtained: bone volume as percentage of tissue volume (BV/TV%), osteoid
volume as percentage of tissue volume (OV/TV%), number of osteoblasts per unit area
of tissue analyzed (N.Ob/T.Ar mm2), osteoblastic surface as a percentage of bone surface
(Ob.S/BS%) and percentage of fibrous tissue volume as a percentage of tissue volume
(Fb.V/TV%), according to international standardized nomenclature [23]. A parameter was
additionally included in order to analyze the biomaterial present in the ROI: biomaterial
volume as a percentage of tissue volume (Bm.V/TV%) (n = 5). Active (mature) bone-
forming osteoblasts were identified by their cylinder-like shape and their arrangement in
rows over an area of osteoid tissue.

2.8.6. Biomechanical Test

Biomechanical analysis was performed using the three-point bending test on the
right tibia of animals of all groups. Biomechanical assays were performed on the Instron
universal testing machine (model 4444, 825 University Ave Norwood, MA, 02062-2643,
US) at room temperature. For the test, a load cell with a maximum capacity of 1 N and
a preload of 5 N and a constant speed of 0.5 cm/min was used. Both tibia ends were
supported by two metal supports, with the defect region facing downwards. The force was
then perpendicularly applied to the longitudinal axis of the bone by a cylindrical rush until
the moment of fracture. The force applied and the indentator displacement were monitored
and recorded using the equipment’s own software. From the force–displacement curve,
fracture energy (J) (ability to absorb energy to breakage), elastic deformation energy (J)
(ability to absorb and return energy without apparent deformation) and maximum load
(N) (maximum load that the material can support) were obtained [23].
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2.8.7. Statistical Analysis

Initially, the variable distribution was tested using the Shapiro–Wilk’s normality test.
For variables that exhibited normal distribution (BV/TV%; OV/TV%; N.Ob/T. Ar mm2;
Ob.S/BS%; Fb.V/TV%; Bm.V/TV%; fracture energy (J); elastic deformation energy (J);
maximum load (N)), comparisons among groups were carried out by analysis of variance
(ANOVA), followed by Tukey post hoc. The Mann–Whitney test was used for variables
not exhibiting normal distribution (characterization tests: pH and mass degradation). The
statistical program used was GraphPad Prism version 7.0 and the adopted significance
level was 5% (p ≤ 0.05).

3. Results

3.1. Characterization of Scaffolds
3.1.1. SEM

The qualitative analysis of the surface morphology of scaffolds showed the presence
of silica spicules and pores in both materials (scaffolds of Dragmacidon reticulatum and
Amphimedon viridis marine sponges) (Figure 1). Dragmacidon reticulatum sponge scaffolds
were structurally more porous than Amphimedon viridis sponge scaffolds. Additionally,
it was observed that the scaffolds of the Dragmacidon reticulatum species show a greater
degradation after incubation when compared to the Amphimedon viridis species (Figure 3).

 
Figure 3. SEM micrographs showing scaffold morphology and its surface degradation in the pe-
riods before incubation (day zero (A–D)) and after incubation in SBF (days 1(E,F), 7(G,H) and
21(I,J))—increase of 500×. The signs indicate the presence of silica spicules (→) and pores (*). (n = 5).

41



J. Funct. Biomater. 2023, 14, 122

3.1.2. FTIR

The scaffolds manufactured from the two species of marine sponges studied (Dragmaci-
don reticulatum and Amphimedon viridis) exhibited the same functional groups: at 3460 cm−1,
a broad peak consistent with the intermolecular OH bond; weak peaks at 2950 cm−1 and
2875 cm−1 for asymmetric and symmetrical -CH2- (OH-linked), respectively; weak signal
between 800 cm−1 and 960 cm−1 of rotary motion -CH2-; presence of medium to strong
signal between 1260 cm−1 and 1440 cm−1 being positive for primary alcohol; average
signal at 770 cm−1 of the silicon–carbon bond; SiOH peaks at 3700 to 3200 cm−1, 1030 cm−1

and 890 cm−1; presence of signals at 1650 cm−1 and 1535 cm−1 consistent with amide I and
amide II functions, respectively. However, from the seventh day of incubation, there was
loss of the characteristic point of amide I, amide II and primary alcohol (CH2OH)—related
to organic matter—only in Dragmacidon reticulatum species, as shown in Figure 4.

Figure 4. FTIR spectra of the scaffolds manufactured from the marine sponge species Dragmacidon
reticulatum and Amphimedon viridis, before (day zero) and after incubation in SBF (day 1, 7 and 21). The
yellow arrows show the loss of organic matter after incubation for Dragmacidon reticulatum (n = 3).

3.1.3. XRD

XRD analysis of the samples revealed that the two species of marine sponges studied
are composed of amorphous content, as shown in Figure S1.

3.1.4. EDS

In the EDS analysis, the scaffolds manufactured from the marine sponge species
Dragmacidon reticulatum and Amphimedon viridis showed the same chemical composition
as shown in Table S1, and the three most proportionally present chemical elements were
carbon, oxygen and silicon, which together represent more than 80% of the sample.
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3.1.5. pH and Mass Degradation

The results of the pH measurements during the incubation period are shown in
Figure 5A. The scaffolds of the Dragmacidon reticulatum species showed an initial drop in
pH in the periods referring to the 1st and 3rd days of immersion in PBS and subsequent
increase from the 14th day, reaching pH similar to the initial value (pH = 7.6) at day 21. The
pH of the medium incubated with scaffolds from the species Amphimedon viridis did not
show significant variation during the analysis period, remaining practically stable from day
1 to 21. A statistical difference was observed in the comparison between the two species, in
the first (p = 0.0158), third (p < 0.0001) and seventh (p = 0.0037) days of incubation.

Figure 5. (A) pH values after incubation of the scaffolds in PBS. Means ± SD * p < 0.05 vs.
Dragmacidon reticulatum (Mann–Whitney test). (B) Mass degradation of the scaffolds after incubation
in PBS. Means ± SD * p < 0.05 vs. Dragmacidon reticulatum (Mann–Whitney test) (n = 5).

Figure 5B shows the results of the degradation assays of the scaffolds’ mass after
immersion in PBS at different periods. An initial loss of mass in both groups (day 1) was
observed, being more pronounced in the species Dragmacidon reticulatum when compared
to the species Amphimedon viridis. After the third day, the values remained stable. Statistical
difference was verified between species in the first (p = 0.0003), third (p = 0.0286), seventh
(p < 0.0001), fourteenth (p = 0.0002) and twenty-first (p = 0.0027) periods.

3.1.6. Porosity

The results of the porosity tests (Figure 6) demonstrate an average of 84 ± 5% porosity
for Dragmacidon reticulatum scaffolds and 90 ± 2% for Amphimedon viridis. No statistical
differences were found between Dragmacidon reticulatum and Amphimedon viridis scaffolds.
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Figure 6. Porosity test of the sponges’ scaffolds. No difference was found between Dragmacidon
reticulatum scaffolds and Amphimedon viridis scaffolds (n = 5).

3.2. In Vivo Tests
3.2.1. Qualitative Histological Analysis

An overview of representative histological sections for all the experimental groups
is shown in Figure 7. For CG, bone formation was observed at the border of the entire
defect, with osteoid areas around the newly formed bone. The DR, when compared to AV,
presented new bone tissue points and a greater presence of osteoid tissue, mainly around
the spicules of silica and newly formed bone tissue. In AV, a fibrous capsule was formed
around the lesion area where the scaffold was implanted. Neoformed bone tissue was
absent in this group and the areas of osteoid tissue were smaller, with only poorly isolated
portions inside the defect.

Figure 7. Bone defect photomicrography 15 days after the surgical procedure for the untreated exper-
imental group (CG), for the group in which scaffolds of the marine sponge Dragmacidon reticulatum
were implanted in the bone defects (DR) or for the group in which implanted scaffold belonged to the
Amphimedon viridis species (AV). Neoformed bone tissue (*); osteoid (→); silica spike (#); and fibrous
capsule (»). Bar scale = 500 μm (2.5× image), bar scale = 200 μm (20× image) and bar scale = 50 μm
(40× image). Used stain: Goldner’s tri-chromium (Merck).
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3.2.2. Histomorphometric Analysis

Figure 8 shows the mean and standard deviation (SD) for the quantitative histomor-
phometric variables: BV/TV (%), OV/TV (%), N.Ob/T. Ar (mm2), Ob.S/BS (%), Bm.V/TV
(%) and Fb.V/TV (%).

Figure 8. Bone histomorphometric analysis of bone defects 15 days after the surgical procedure for
the experimental groups: no treatment (control—CG); submitted to the scaffold implant of the ma-
rine sponge Dragmacidon reticulatum (DR); submitted to the implant of the species Amphimedon viridis
(AV). (A) Bone volume as percentage of tissue volume (BV/TV%), means ± SD *** p < 0.0001
(Anova/Tukey test). (B) Osteoid volume as percentage of tissue volume (OV/TV%), means ± SD
** p < 0.01; *** p < 0.0001 (Anova/Tukey test). (C) Biomaterial volume as percentage of tissue volume
(Bm.V/TV%), means± SD p > 0.05 (Mann–Whitney test). (D) Number of osteoblasts per unit tissue
area analyzed (N.Ob/T.Ar (mm2)), means ± SD ** p = 0.0039; *** p < 0.0001 (Anova/Tukey test).
(E) Osteoblastic surface as a percentage of the bone surface (Ob.S/Bs%), means ± SD * p = 0.0237
(Anova/Tukey test). (F) Percentage of fibrous tissue in the analyzed tissue (Fb.V/TV%), means ± SD
** p = 0.0068; p = 0.0022 (Anova/Tukey test).

For the BV/TV parameter, it was verified that the bone volume that was formed
15 days after the surgical procedure was proportionally higher in the control group com-
pared to the other two groups that included scaffold implants. On average, the percentage
of bone volume in the analyzed area of the defect was 32.6 ± 8.5% for CG, 0.05 ± 0.04% for
DR and 0.00% for AV. Statistical differences were found between the groups: CG vs. DR
(p < 0.0001) and CG vs. AV (p < 0.0001), in the ANOVA/Tukey test, as shown in Figure 8A.

On the other hand, when evaluating the percentage of osteoid in the analyzed area of the
defect (OV/TV%), it was observed that the formation of this tissue was significantly superior
in the group with scaffold implantation of the marine sponge Dragmacidon reticulatum (DR;
8.3 ± 2.6%) in comparison to the control group (CG, 4.3 ± 1.9%) and Amphimedon viridis
(AV, 0.7 ± 0.3%). A statistically significant difference was observed in the comparisons
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among all groups: CG vs. DR (p = 0.0042), CG vs. AV (0.0077), DR vs. AV (p < 0.0001)
(Figure 8B).

Additionally, in the evaluation of the parameter referring to the percentage of bioma-
terial in the analyzed tissue (Bm.V/TV%), a significant statistical difference was observed
between the groups CG vs. DR and CG vs. AV, where the CG 0%, DR 0.03 ± 0.01% and AV
0.04 ± 0.01%. Thus, there was no difference between the two types of scaffolds implanted
(Figure 8C).

The number of osteoblasts per unit area of tissue analyzed (N.Ob/T.Ar mm2) of
132.0 ± 65.3 mm2 for the CG, 56.7 ± 11.3 mm2 for the DR and 13.2 ± 5.0 mm2 for AV was
observed. There were statistical differences between the CG vs. DR and CG vs. AV groups
(Figure 8D).

On the other hand, the osteoblastic surface as a percentage of the bone surface (Ob.
S/BS%) was 8.4 ± 5.6% for the CG, 17.7 ± 14.6% for DR and 0.0% for AV. A statistical
difference was observed between the DR vs. AV (*) groups (Figure 8E).

In the evaluation of parameter Fb.V/TV (%), regarding the percentage of fibrous
tissue in the analyzed tissue, statistical differences were observed between the CG vs.
AV (p = 0.0068) and DR vs. AV (p = 0.0022) groups, as fibrosis was only verified in AV
(19.9 ± 17.1%) (Figure 8F).

3.2.3. Biomechanical Analysis

In the evaluation of the fracture energy (J), the respective mean values of 0.04 ± 0.02 J,
0.03 ± 0.02 J and 0.04 ± 0.02 J were observed for CG, DR and AV. The evaluation of the
variable elastic deformation energy (J) showed the mean values 0.02 ± 0.01 J, 0.02 ± 0.01 J
and 0.03 ± 0.01 J for the CG, DR and AV groups, respectively. Finally, in the evaluation of
the maximum load (N), an average value of 49.2 ± 5.6 N was observed for CG, 47.6 ± 9.8 N
for DR and 46.7 ± 10.9 N for AV. No statistical differences were observed among groups
(p > 0.005) for any of the parameters (Figure 9).

Figure 9. Mean and standard deviation of the variables of the biomechanical test: (A) fracture
energy (J), (B) elastic deformation energy (J) and (C), and maximum load (N). Means ± SD p > 0.05.
(Anova/Tukey test).

4. Discussion

This study aimed to evaluate the physical-chemical properties of scaffolds manufac-
tured from two species of marine sponges of the Demospongiae class and to investigate the
in vivo biological response of these natural biomaterials once implanted in bone defects in
rat tibia. The hypothesis was that, since different species could be physically and morpho-
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logically different, the osteogenic potential of these scaffolds would also be distinct. The
main results showed that scaffolds of Dragmacidon reticulatum presented better performance
in bone repair when compared to scaffolds of the species Amphimedon viridis.

Initially, SEM micrographs showed that the scaffold structures of both species are
constituted by a porous material, with interconnected pores and presence of silica spicules,
degrading after immersion in PBS. These characteristics are very important, since previous
studies prove that the presence of interconnected pores and silica spicules are important
characteristics in the scaffolds destined to favor the process of bone repair, as well as the
gradual degradation of the scaffold allowing the replacement of the material by bone
tissue [24,25]. Interestingly, scaffolds from both species exhibited a great porosity (84 ± 5%
for DR and 90 ± 2% for AV), which would be adequate for their use as bone substitutes
since the scientific literature establishes a minimum of 80% for an ideal scaffold [26].
In fact, higher porosity is expected to be reflected as an increase in bone formation, as
observed in several studies involving different biomaterials, used as raw material for
scaffolds’ manufacture [27]. In the study of Nandi et al. [15], SEM analysis also showed
that the Biemna fortis skeleton has a collagenous fibrous network with highly networked
porosity in the size range of 10–220 μm. However, the fibrous material was burnt at 725 ◦C
and the fired material was mixed with naphthalene to induce porosity. After naphthane
removal, apparent porosity was determined to be about 52%, which is substantially lower
than the porosity found for Dragmacidon reticulatum and Amphimedon viridis scaffolds
used in the present study (84 ± 5% for DR and 90 ± 2% for AV). This can be explained
not only by the species-related difference, but also by the manufacturing method of the
scaffolds themselves.

In the FTIR analysis, the scaffolds of both species had the same functional groups,
with organic amide functions at 1650 cm−1 and 1535 cm−1, a primary alcohol at 2950 cm−1

and 2875 cm−1, inorganic silicon–carbon bonds at 1250 cm−1 and 770 cm−1 and silicon-
hydroxyl at 3700 cm−1, 1030 cm−1 and 890 cm−1 [28]. It was observed that from the
seventh day of incubation, for the Dragmacidon reticulatum species, there was a reduction in
the points referring to the amide and primary alcohol groups, characteristic of oxidation
of the organic matter, evidencing the degradation of the sample during the incubation
time. This finding confirms our previous results of electron microscopy, which indicated
a greater presence of pores and greater degradation in the scaffolds of this same species.
For the species Amphimedon viridis the points remained stable during the incubation period
evaluated. This difference between the species studied also suggests a better potential of the
species Dragmacidon reticulatum when compared to the species Amphimedon viridis, since the
study of Kido et al. [25] has shown that, in addition to porosity, proper degradation of the
scaffold is essential for the bone repair process to occur. It is known that tissue formation
depends on space to occur, and that the presence of a biomaterial may be a barrier to
the growth of new tissue, especially if the implanted biomaterial does not have adequate
porosity or a degradation rate compatible with the rate of bone formation. In the study of
Nandi et al. [18], FTIR spectra revealed the presence of Si-O-Si groups at about 800 cm−1

and massive carbonate groups at about 1500 cm−1, which is a sign that the freeze-dried
Biemna fortis material has a high organic content.

The XRD revealed that the scaffolds of the two species of marine sponges stud-
ied are composed of amorphous organic content, which coincides with the findings of
Nandi et al. [18], who also characterized the marine sponge (Biemna fortis) belonging to the
same class of species of this study (class Demospongiae). In addition, Schröder et al. [29],
when studying the structure, biochemical composition and formation mechanism of biosil-
ica produced by living organisms (marine sponges, diatoms and higher plants), reported it
to be amorphous silica without evidence of crystalline silica. Gabbai-Armelin et al. [12] also
found the mostly amorphous nature of biosilica extracted from Dragmacidon reticulatum
species, with only a few crystalline peaks being observed. Therefore, these studies agree
with the amorphous nature of sponges and their components, and the implication of this
finding for bone tissue engineering would be the greatest biodegradation of these natural
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biomaterials once implanted, considering that the crystalline arrangement would imply
greater stability due to the structural configuration of their monomers [3]. This may be
beneficial for the replacement of the implant by the natural tissue, although potentially
promoting, on the other hand, a significant decrease in the mechanical properties of the
biomaterial [3].

For the EDS analysis, the scaffolds of both species had the same chemical composition,
the three main components being carbon, oxygen and silicon, and a lower percentage
of aluminum, calcium, chlorine, iron, potassium, magnesium, sodium, phosphorus and
sulfur. These findings are in line with those obtained in the Sandford [30] study, which
carried out a physical-chemical analysis of the siliceous skeletons of six species of marine
sponges of two groups (Demospongiae and Hexactinellida), which concluded that the
average chemical composition of the spicules of both groups was 85% silica (SiO2) and
presented small amounts of the other elements mentioned earlier in this study. Additionally,
Schröder et al. [29] reinforce that silica spicules, besides silicon and oxygen, present trace
amounts of various other elements (mainly aluminum, calcium, chlorine, iron, potassium,
sodium and sulfur), where approximately 75% of the body mass of these animals is silica.
Interestingly, marine organisms process approximately seven gigatons of silicon to make
their silica skeletons, an interesting feature for regenerative medicine in view of the osteoin-
ductive potential (i.e., ability to stimulate differentiation of precursor cells in functional
osteoblasts) of this component [31].

For the analysis of pH and mass degradation, a more marked variation of the values
was observed, in the sense of an acidification of the medium with the loss of the material,
during the first week of immersion of the scaffolds in PBS, reaching stability in the subse-
quent periods. It is interesting to note that only the DR scaffolds showed the initial drop in
pH in the periods referring to the 1st and 3rd days of immersion in PBS and following. This
could be explained by the fact that the loss of the scaffolds’ mass after immersion in PBS
was remarkably greater in DR according to the degradation assays, with the products of this
lixiviation most likely being responsible for the pH alterations. Further, this acidification
would be interesting in the context of bone healing since Hazehara-Kunitomo et al. [32],
who were able to measure the pH in vivo during the healing of a bone fracture, showed
that the pH decreased to 6.8 during the inflammatory period (initial 2 days) and that
this short-term acidification could help stem cell differentiation towards bone-forming
osteoblasts [33].

In the histological analysis of the present study, bone formation was observed around
the border of the whole defect in the CG, and histomorphometry (parameter BV/TV%)
revealed that the percentage of bone formed was higher in this group than in the other
groups that used marine sponge grafts (DR and AV). This can be explained by the adoption
of a non-critical bone defect model that allows spontaneous bone repair with complete
closure of the defect. In addition, other studies have shown that, initially, the presence of
the biomaterial at the lesion site constitutes a barrier to bone growth, since the biomaterial
needs to be degraded for the subsequent occurrence of bone tissue formation [34–39]. In
the study of Nandi et al. [18], scaffolds prepared from Biemna fortis sponges (belonging to
the same class of sponges of the present study—Demospongiae) were implanted into non-
critical femoral bone defects in rabbits and tracked for up to 90 days. No quantifications
were performed, but radiological, histological and scanning electron microscopy have
demonstrated that bare sponge scaffolds (without any growth factor loading) promoted
better osseous tissue formation, with invasion of this new bone across the porous scaffold’s
matrix, in comparison to bone defects without any implant, which mostly showed soft
tissue formation, with the defect gap still present even after 3 months.

In addition to mineralized bone, the formation of osteoid tissue was also evaluated in
this study. It was present mostly underlying the newly formed bone tissue and around the
sponge silica spicules, being much more evident in the scaffolds created from Dragmacidon
reticulatum species. In fact, the analysis of the histomorphometric parameter OV/TV (%)
showed a higher osteoid percentage in DR. Therefore, we can indicate more advanced
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bone repair in the CG due to the greater presence of mineralized bone tissue, followed
by DR, with a more important presence of bone matrix that is not yet mineralized and,
finally, AV, in which the neoformation of osseous and osteoid bone tissue was lower
than the others. Nandi et al. [18] also assessed newly formed osteoid tissue in implanted
Biemna fortis scaffolds through fluorochrome labeling—oxytetracycline. They showed a
greater presence of newly formed bone in sponge scaffolds in comparison to control
defects, which were moderately filled with osteoid tissue and where consolidation was
under process.

It is important to note that the evidence discussed above is consistent with the cellular
parameters analysis. Several in vitro studies have shown that the inorganic part of the
sponge skeleton (biosilica) induces bone neoformation by attracting osteoprogenitor cells
and stimulating their differentiation in osteoblasts [3,26,31,34]. In the present study, the
number of osteoblasts per unit area of tissue analyzed (N.Ob/T.Ar/mm2) was higher
in the CG compared to the other groups, which is compatible with the presence of a
greater amount of neoformed bone tissue. Additionally, analyzing the osteoblastic surface
(Ob.S/BS%), which refers to the percentage of bone surface covered by active osteoblasts,
a statistical difference was found between the two groups with sponge implants, DR
(17.7 ± 14.6%) and AV (0.0%), being superior in the Dragmacidon reticulatum species, which
again indicates superior osteogenic properties in the scaffolds manufactured from this
species. In the study of Nandi et al. [18], despite the absence of quantitative parameters,
well-formed osteons inside sponge-filled defects exhibited osteoblastic and osteoclastic
activities, whereas osteoclasts were prominently observed at the cortical region of non-filled
control defects. The authors state that sponge scaffolds most likely serve as a bioactive
stimulant for cell maturation, in agreement with other studies that have previously show
that, at least in in vitro situations, osteoblast attachment, proliferation, migration and
differentiation can be stimulated by marine sponge components [10,11,38].

However, in the present study, in addition to the lower bone and osteoid formation and
the lower number of osteoblasts in AV, a fibrous capsule formation was observed around
the implant area only in this group, which may indicate an attempt by the organism to
isolate the biomaterial, i.e., a rejection of Amphimedon viridis scaffolds [39]. Urabayashi [19]
has demonstrated, through the in vitro chemical analysis of the crude sponge extract of this
species, a cytotoxic effect in human cell lines from retinal pigment epithelium and breast
carcinoma, as well as a hemolytic action in rat cells, which may explain the results of the
present study, since severe local and systemic inflammatory and cytotoxic responses caused
by the implants may result in delayed or non-healing of the bone [25]. Therefore, despite
previous research demonstrating the osteogenic potential of marine sponges in terms of
both bone formation and cell stimulation, the current study shows that the benefits may
also depend on the species of sponge studied and that the integration of the material with
the original tissue can be significantly inferior or even harmful depending on the species,
as shown here.

As the last histomorphometric parameter, the percentage of biomaterial inside the
defect (Bm.V/TV%) was not different between DR and AV, although the characteriza-
tion assays indicated a more important degradation in scaffolds manufactured from the
Dragmacidon reticulatum species. Therefore, studies with longer experimental periods are
necessary in order to allow a longer time for the biodegradation of the implanted materials
and for the concomitant process of bone consolidation. In the study of Nandi et al. [18],
evidence of sponge scaffold degradation was found radiologically, mostly from day 60
when the scaffold altered its shape from cylindrical to oval, with the edges of the filling
material reducing its size, a sign that newly formed bone tissue was beginning to replace
the sponge material. Moreover, the authors found that the enrichment of the scaffolds
with the IGF-1 and BMP-2 growth factors promoted bone formation, with the presence of
neoformed bone tissue and active osteoblastic cells throughout the defect region, as well as
increased biodegradation of the implanted biomaterial.
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Finally, for all the parameters evaluated in the biomechanical test, no statistical differ-
ences were found among the groups, although the CG had a higher bone formation than the
others. This may be due to the presence of the biomaterial at the site of the defect in the two
other groups, which could imply a greater resistance to fractures. In addition, interestingly,
it may indicate a good integration of the implanted materials with the pre-existing living
tissue, a hypothesis also reported in the study by Granito et al. [3] involving bone defects
in tibiae of rats filled or not with bioactive synthetic materials.

Together, the characterization analyses and the in vivo study with the scaffolds manu-
factured from the species Dragmacidon reticulatum and Amphimedon viridis confirmed our
hypothesis that different species, because they exhibit different chemical and structural
properties, also have different osteogenic properties. Here, the Dragmacidon reticulatum
species proved to be a more interesting option as a scaffold in bone tissue engineering and,
therefore, the so-called good osteogenic potential is species-dependent, as demonstrated
herein in a pioneering way.

In a pioneering way, this study compared two abundant species on the Brazilian
coast and performed an extensive quantitative analysis of the bone repair process after
in vivo implantation of these natural biomaterials. However, there are some limitations
that still need to be addressed herein, such as the use of a non-critical bone defect model,
which was chosen to allow biomechanical evaluations on a weight-bearing bone, and the
short treatment period after scaffold implantion. Therefore, the critical-sized calvarial
defect could be the next step of this study, together with longer follow-up periods and
the inclusion of other experimental groups for the evaluation of scaffolds manufactured
from marine sponges belonging to other species and even other families. Actually, a larger
number of different species and families could have their potential evaluated if in silico
methods had been employed. Faster outcomes and reduced costs are some of the benefits
that computer simulations could bring for the prediction of the implant failure values, as in
the study of Putra et al. [40]. Finally, another limitation of this study is inherent to the use
of a natural biomaterial itself. Structural and morphological variations are expected among
specimens collected from the environment. Subsequently, biomaterial availability would be
an additional challenge, especially considering the clinical application as the final purpose
of this study. Both obstacles could be at least partially overcome with the production of
sponge biomass by in situ aquaculture. Mariculture could possibly satisfy the biomaterial
demand without compromising natural sponge beds, constituting, therefore, a sustainable
approach for biomaterial production [41].

In addition, the biological performance of scaffolds should also be assessed in other
experimental animal models, as well as including the evaluation of bone repair in clinical
situations in which it is compromised, such as in diabetes, in order to validate the use of
these natural biomaterials as promising therapeutic alternatives.

5. Conclusions

It can be concluded that scaffolds manufactured from the marine sponge species
Dragmacidon reticulatum, when compared to Amphimedon viridis species, were more effective
as bone substitutes, since their structure was more porous and biodegradable, with a
compatible increase in osteoid tissue formation and presence of osteoblastic cells, despite the
absence of fibrous tissue formation in the studied period. Thus, sponges of this species may
constitute a promising alternative source of biomaterials for use in bone tissue engineering.
Further research is still needed for a better understanding of these marine sponge scaffolds.
A critical bone defect model in rats should be the next step of this study, as well as other
experimental models to evaluate the bone repair when it is compromised, such as an
osteoporosis model. In addition, another crucial perspective for the future would be
the improvement of mariculture techniques in substitution of sponge collection in the
environment. Thereby, the sustainable obtainment of sufficient amounts of biomaterials
would be achievable in view of their envisaged therapeutic application.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jfb14030122/s1, Figure S1: XRD analysis of the samples; Table S1:
EDS analysis of the scaffolds manufactured from the marine sponge species Dragmacidon reticulatum
and Amphimedon viridis.

Author Contributions: Conceptualization, R.N.G., C.P.G.S., M.R.C. and A.C.M.R.; methodology,
C.P.G.S., K.R.F., H.W.K., B.P.D., J.R.P., J.A.S., M.A.C., M.R.C., A.C.M.R. and R.N.G.; software, C.P.G.S.,
J.A.S. and J.P.S.P.; validation, C.P.G.S. and R.N.G.; formal analysis, C.P.G.S. and J.P.S.P.; investigation,
C.P.G.S., K.R.F., H.W.K., B.P.D., J.R.P., J.A.S., M.A.C.; resources, A.C.M.R., M.R.C. and R.N.G.; data
curation, C.P.G.S. and J.P.S.P.; writing—original draft preparation, C.P.G.S., J.P.S.P. and R.N.G.;
writing—review and editing, K.R.F., H.W.K., B.P.D., J.R.P., J.A.S., M.A.C., M.R.C. and A.C.M.R.;
visualization, C.P.G.S., M.R.C., A.C.M.R. and R.N.G.; supervision, R.N.G. and A.C.M.R.; project
administration, C.P.G.S. and R.N.G.; funding acquisition, A.C.M.R. and R.N.G. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by FAPESP (Fundação de Amparo à Pesquisa do Estado de São
Paulo), grant numbers 2019/10228-5 and 2021/04957-4.

Institutional Review Board Statement: The authors confirm that the ethical policies of the journal,
as noted on the journal’s author guidelines page, have been adhered to and the appropriate ethical
review committee approval has been received. This study was approved by the Ethics Committee on
the Use of Animals (CEUA) of the Federal University of São Paulo (2017/3011170417).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors are grateful to the Centre for Marine Biology of University of São
Paulo (CEBIMar/USP) for the precious support in the specimen’s collection (joint project No. 938).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Reddy, M.S.B.; Ponnamma, D.; Choudhary, R.; Sadasivuni, K.K. A Comparative Review of Natural and Synthetic Biopolymer
Composite Scaffolds. Polymers 2021, 13, 1105. [CrossRef] [PubMed]

2. Alvarez Echazú, M.I.; Perna, O.; Olivetti, C.E.; Antezana, P.E.; Municoy, S.; Tuttolomondo, M.V.; Galdopórpora, J.M.; Alvarez, G.S.;
Olmedo, D.G.; Desimone, M.F. Recent Advances in Synthetic and Natural Biomaterials-Based Therapy for Bone Defects. Macromol.
Biosci. 2022, 22, e2100383. [CrossRef] [PubMed]

3. Granito, R.N.; Ribeiro, D.A.; Rennó, A.C.M.; Ravagnani, C.; Bossini, P.S.; Peitl-Filho, O.; Zanotto, E.D.; Parizotto, N.A.; Oishi, J.
Effects of biosilicate and bioglass 45S5 on tibial bone consolidation on rats: A biomechanical and a histological study. J. Mater. Sci.
Mater. Med. 2009, 20, 2521–2526. [CrossRef] [PubMed]

4. Mastrogiacomo, M.; Scaglione, S.; Martinetti, R.; Dolcini, L.; Beltrame, F.; Cancedda, R.; Quarto, R. Role of scaffold internal
structure on in vivo bone formation in macroporous calcium phosphate bioceramics. Biomaterials 2006, 27, 3230–3237. [CrossRef]
[PubMed]

5. Romano, G.; Almeida, M.; Varela Coelho, A.; Cutignano, A.; Gonçalves, L.G.; Hansen, E.; Khnykin, D.; Mass, T.; Ramšak, A.;
Rocha, M.S.; et al. Biomaterials and Bioactive Natural Products from Marine Invertebrates: From Basic Research to Innovative
Applications. Mar. Drugs 2022, 20, 219. [CrossRef]

6. Wang, X.; Schröder, H.C.; Müller, W.E.G. Biocalcite, a multifunctional inorganic polymer: Building block for calcareous sponge
spicules and bioseed for the synthesis of calcium phosphate-based bone. Beilstein J. Nanotechnol. 2014, 5, 610–621. [CrossRef]
[PubMed]

7. Jones, J.R. Reprint of: Review of bioactive glass: From Hench to hybrids. Acta Biomater. 2015, 23, S53–S82. [CrossRef]
8. Cen, L.; Liu, W.; Cui, L.; Zhang, W.; Cao, Y. Collagen tissue engineering: Development of novel biomaterials and applications.

Pediatr. Res. 2008, 63, 492–496. [CrossRef]
9. Cruz, M.A.; Fernandes, K.R.; Parisi, J.R.; Vale, G.C.A.; Junior, S.R.A.; Freitas, F.R.; Sales, A.F.S.; Fortulan, C.A.; Peitl, O.;

Zanotto, E.; et al. Marine collagen scaffolds and photobiomodulation on bone healing process in a model of calvaria defects.
J. Bone Miner. Metab. 2020, 38, 639–647. [CrossRef]

10. Silva, T.H.; Moreira-Silva, J.; Marques, A.L.; Domingues, A.; Bayon, Y.; Reis, R.L. Marine origin collagens and its potential
applications. Mar. Drugs 2014, 12, 5881–5901. [CrossRef]

11. Wiens, M. The role of biosilica in the osteoprotegerin/RANKL ratio in human osteoblast-like cells. Biomaterials 2010, 31, 7716–7725.
[CrossRef] [PubMed]

51



J. Funct. Biomater. 2023, 14, 122

12. Gabbai-Armelin, P.R.; Kido, H.W.; Cruz, M.A.; Prado, J.P.S.; Avanzi, I.R.; Custódio, M.R.; Renno, A.C.M.; Granito, R.N.
Characterization and Cytotoxicity Evaluation of a Marine Sponge Biosilica. Mar. Biotechnol. 2019, 21, 65–75. [CrossRef] [PubMed]

13. Jones, J.R.; Gentleman, E.; Polak, J. Bioactive glass scaffolds for bone regeneration. Elements 2007, 3, 393–399. [CrossRef]
14. Green, D.; Howard, D.; Yang, X.; Kelly, M.; Oreffo, R.O. Natural marine sponge fiber skeleton: A biomimetic scaffold for human

osteoprogenitor cell attachment, growth, and differentiation. Tissue Eng. 2003, 9, 1159–1166. [CrossRef] [PubMed]
15. Lin, Z.; Solomon, K.L.; Zhang, X.; Pavlos, N.J.; Abel, T.; Willers, C.; Dai, K.; Xu, J.; Zheng, Q.; Zheng, M. In vitro evaluation of

natural marine sponge collagen as a scaffold for bone tissue engineering. Int. J. Biol. Sci. 2011, 7, 968–977. [CrossRef] [PubMed]
16. Barros, A.A.; Aroso, I.M.; Silva, T.H.; Mano, J.F.; Duarte, A.R.C.; Reis, R.L. Surface modification of silica-based marine sponge

bioceramics induce hydroxyapatite formation. Cryst. Growth Des. 2014, 14, 4545–4552. [CrossRef]
17. Tsurkan, D.; Wysokowski, M.; Petrenko, I.; Voronkina, A.; Khrunyk, Y.; Fursov, A.; Ehrlich, H. Modern scaffolding strategies

based on naturally pre-fabricated 3D biomaterials of poriferan origin. Appl. Phys. A 2020, 126, 382. [CrossRef]
18. Nandi, S.K.; Kundu, B.; Mahato, A.; Thakur, N.L.; Joardar, S.N.; Mandal, B.B. In vitro and in vivo evaluation of the marine sponge

skeleton as a bone mimicking biomaterial. Integr. Biol. 2015, 7, 250–262. [CrossRef]
19. Urabayashi, M.S. Prospecção de Moléculas Bioativas em Esponjas Marinhas da Espécie Amphimedon viridis: Estudos Celulares e

Moleculares. Ph.D. Thesis, Universidade de São Paulo, São Paulo, Brazil, 2015.
20. Kokubo, T.; Takadama, H. How useful is SBF in predicting in vivo bone bioactivity? Biomaterials 2006, 27, 2907–2915. [CrossRef]
21. Gabbai-Armelin, P.R.; Souza, M.T.; Kido, H.W.; Tim, C.; Bossini, P.S.; Magri, A.M.P.; Fernandes, K.R.; Pastor, F.A.C.; Zanotto,

E.; Parizotto, N.; et al. Effect of a new bioactive fibrous glassy scaffold on bone repair. J. Mater. Sci. Mater. Med. 2015, 26, 177.
[CrossRef]

22. Rodrigues, A.C.; Furtado, A.C.S.; Magalhaes, M.M.; Souza, F.I.B. Análise química por espectroscopia de raios-X por dispersão
energia (EDS): Adaptação aplicada à raízes de dendezeiro (Eleais guineensis Jacq.). In Proceedings of the Seminário de iniciação
científica da embrapa amazônia oriental, Belém, Brazil, 20–22 September 2017.

23. Parfitt, A.M. Bone histomorphometry: Standardization of nomenclature, symbols and units (summary of proposed system). Bone
1988, 9, 67–69. [CrossRef] [PubMed]

24. Schepers, E.J.; Ducheyne, P. Bioactive glass particles of narrow size range for the treatment of oral bone defects: A 1–24 month
experiment with several materials and particle sizes and size ranges. J. Oral Rehabil. 1997, 24, 171–181. [CrossRef] [PubMed]

25. Kido, H.W.; Tim, C.; Bossini, P.S.; Parizotto, N.; de Castro, C.A.; Crovace, M.C.; Rodrigues, A.C.M.; Zanotto, E.D.; Filho, O.P.;
Anibal, F.D.F.; et al. Porous bioactive scaffolds: Characterization and biological performance in a model of tibial bone defect in
rats. J. Mater. Sci. Mater. Med. 2015, 26, 74. [CrossRef] [PubMed]

26. Tripathi, Y.; Shukla, M.; Bhatt, A.D. Idealization through interactive modeling and experimental assessment of 3D-printed gyroid
for trabecular bone scaffold. Inst. Mech. Eng. Part H J. Eng. Med. 2021, 235, 1025–1034. [CrossRef] [PubMed]

27. Karageorgiou, V.; Kaplan, D. Porosity of 3D biomaterial scaffolds and osteogenesis. Biomaterials 2005, 26, 5474–5491. [CrossRef]
28. Sócrates, G. Infrared and Raman Characteristic Group Frequencies, 3rd ed.; Tables and Charts; John Wiley and Sons, Ltd.: Chichester,

UK, 2001.
29. Schröder, H.C.; Wang, X.; Tremel, W.; Ushijima, H.; Müller, W.E.G. Biofabrication of biosilica-glass by living organisms. Nat. Prod.

Rep. 2008, 25, 455–474. [CrossRef]
30. Sandford, F. Physical and chemical analysis of the siliceous skeletons in six sponges of two groups (demospongiae and hexactinel-

lida). Microsc. Res. Tech. 2003, 62, 336–355. [CrossRef]
31. Granito, R.N.; Custódio, M.R.; Rennó, A.C.M. Natural marine sponges for bone tissue engineering: The state of art and future

perspectives. J. Biomed. Mater. Res. B Appl. Biomater. 2017, 105, 1717–1727. [CrossRef]
32. Yuri, H.-K.; Emilio, S.H.; Mitsuaki, O.; Kyaw, A.; Keiko, K.; Hai, P.; Kentaro, A.; Masahiro, O.; Toshitaka, O.; Takuya, M.; et al.

Acidic Pre-Conditioning Enhances the Stem Cell Phenotype of Human Bone Marrow Stem/Progenitor Cells. Int. J. Mol. Sci. 2019,
20, 1097. [CrossRef]

33. Boccardi, E.; Philippart, A.; Melli, V.; Altomare, L.; De Nardo, L.; Novajra, G.; Vitale-Brovarone, C.; Fey, T.; Boccaccini, A.R.
Bioactivity and Mechanical Stability of 45S5 Bioactive Glass Scaffolds Based on Natural Marine Sponges. Ann. Biomed. Eng. 2016,
44, 1881–1893. [CrossRef]

34. Kido, H.W.; Bossini, P.S.; Tim, C.R.; Parizotto, N.A.; Da Cunha, A.F.; Malavazi, I.; Rennó, A.C.M. Evaluation of the bone healing
process in an experimental tibial bone defect model in ovariectomized rats. Aging Clin. Exp. Res. 2014, 26, 473–481. [CrossRef]
[PubMed]

35. Magri, A.M.P.; Fernandes, K.R.; Assis, L.; Mendes, N.A.; Santos, A.L.Y.D.S.; Dantas, E.D.O.; Renno, A.C. Photobiomodulation and
bone healing in diabetic rats: Evaluation of bone response using a tibial defect experimental model. Lasers Med. Sci. 2015, 30,
1949–1957. [CrossRef] [PubMed]

36. Hench, L.L. The future of bioactive ceramics. J. Mater. Sci. Mater. Med. 2015, 26, 86. [CrossRef] [PubMed]
37. Martins, E.; Diogo, G.S.; Pires, R.; Reis, R.L.; Silva, T.H. 3D Biocomposites Comprising Marine Collagen and Silica-Based Materials

Inspired on the Composition of Marine Sponge Skeletons Envisaging Bone Tissue Regeneration. Mar. Drugs 2022, 20, 718.
[CrossRef]

38. Pallela, R.; Venkatesan, J.; Janapala, V.R.; Kim, S.K. Biophysicochemical evaluation of chitosan-hydroxyapatite-marine sponge
collagen composite for bone tissue engineering. J. Biomed. Mater. Res. A 2012, 100, 486–495. [CrossRef]

52



J. Funct. Biomater. 2023, 14, 122

39. Klopfleisch, R.; Jung, F. The pathology of the foreign body reaction against biomaterials. J. Biomed. Mater. Res. A 2017, 105, 927–940.
[CrossRef]

40. Putra, R.U.; Basri, H.; Prakoso, A.T.; Chandra, H.; Ammarullah, M.I.; Akbar, I.; Syahrom, A.; Kamarul, T. Level of Activity
Changes Increases the Fatigue Life of the Porous Magnesium Scaffold, as Observed in Dynamic Immersion Tests, over Time.
Sustainability 2023, 15, 823. [CrossRef]

41. Brümmer, F.; Nickel, M. Sustainable Use of Marine Resources: Cultivation of Sponges. Prog. Mol. Subcell. Biol. 2003, 37, 143–162.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

53



Citation: Gao, J.; Li, M.; Cheng, J.;

Liu, X.; Liu, Z.; Liu, J.; Tang, P.

3D-Printed GelMA/PEGDA/

F127DA Scaffolds for Bone

Regeneration. J. Funct. Biomater. 2023,

14, 96. https://doi.org/10.3390/

jfb14020096

Academic Editors: Adalberto

Luiz Rosa, Marcio Mateus Beloti

and Adriana Bigi

Received: 28 December 2022

Revised: 1 February 2023

Accepted: 2 February 2023

Published: 9 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of 

Functional

Biomaterials

Article

3D-Printed GelMA/PEGDA/F127DA Scaffolds for
Bone Regeneration

Jianpeng Gao 1,2,†, Ming Li 1,3,†, Junyao Cheng 1,2,†, Xiao Liu 1,2, Zhongyang Liu 1,3, Jianheng Liu 1,3,*

and Peifu Tang 1,3,*

1 Department of Orthopaedics, Chinese PLA General Hospital, Beijing 100039, China
2 Medical School of Chinese PLA, Beijing 100039, China
3 National Clinical Research Center for Orthopedics, Sports Medicine & Rehabilitation, Beijing 100853, China
* Correspondence: jianhengliu@126.com (J.L.); pftang301@163.com (P.T.)
† These authors contributed equally to this work.

Abstract: Tissue-engineered scaffolds are an effective method for the treatment of bone defects, and
their structure and function are essential for bone regeneration. Digital light processing (DLP) printing
technology has been widely used in bone tissue engineering (BTE) due to its high printing resolution
and gentle printing process. As commonly used bioinks, synthetic polymers such as polyethylene
glycol diacrylate (PEGDA) and Pluronic F127 diacrylate (F127DA) have satisfactory printability and
mechanical properties but usually lack sufficient adhesion to cells and tissues. Here, a compound BTE
scaffold based on PEGDA, F127DA, and gelatin methacrylate (GelMA) was successfully prepared
using DLP printing technology. The scaffold not only facilitated the adhesion and proliferation
of cells, but also effectively promoted the osteogenic differentiation of mesenchymal stem cells in
an osteoinductive environment. Moreover, the bone tissue volume/total tissue volume (BV/TV)
of the GelMA/PEGDA/F127DA (GPF) scaffold in vivo was 49.75 ± 8.50%, higher than the value
of 37.10 ± 7.27% for the PEGDA/F127DA (PF) scaffold and 20.43 ± 2.08% for the blank group.
Therefore, the GPF scaffold prepared using DLP printing technology provides a new approach to the
treatment of bone defects.

Keywords: biomaterials; bone regeneration; bone tissue engineering; digital light processing

1. Introduction

Bone defects caused by tumors, infections, and trauma are difficult and critical to treat
clinically and thus require effective therapeutic initiatives [1–3]. Bone tissue engineering
(BTE) scaffolds have been widely used in bone repair because they are capable of filling the
defective area, providing mechanical support, and guiding the growth of new tissues in
the early treatment of bone defects [4–6].

With recent developments in 3D printing technology, it has become possible to prepare
scaffolds according to a predesigned (computer aided design, CAD) structure and achieve
more precise control over the macroscopic structure of the scaffold [7–9]. Digital light pro-
cessing (DLP) technology is a representative lithography-based 3D bioprinting technology
characterized by a layer-by-layer based printing pattern, the core of which is the digital
micromirror device (DMD), which provides superior image stability, fidelity, and reliability.
Visible or ultraviolet light can be used to cross-link bioinks and complete the liquid–solid
conversion in DLP printing [10–14]. Thus, some traditional natural and synthetic materials,
which previously could only be printed by extrusion printers, are now available for printing
via DLP, a gentler printing method, as long as the bioinks can be endowed with light-curing
properties (e.g., Gel-GelMA, PEG-PEGDA, and F127-F127DA) [15–19].

Polyethylene glycol (PEG), which exhibits high biocompatibility and almost no im-
munogenicity, can be chemically modified to form polyethylene glycol diacrylate (PEGDA),
which possesses photo-crosslinking properties, low viscosity, and high solubility, making it
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an ideal biomaterial for DLP bioprinting [18,20,21]. Despite its many advantages, PEGDA
is generally inelastic and brittle, which makes it more likely to be used in combination with
other materials rather than alone for bone tissue engineering [22]. It has been shown that
PEGDA can be mixed with materials such as nanohydroxyapatite [23–25], nanoclay [26],
and extracellular matrix [27] to form bioinks for the preparation of BTE scaffolds, which
play an important role in the treatment of bone defects. However, the mechanical proper-
ties, printability, and bioactivity of these scaffolds still need to be improved. Pluronic F127
diacrylate (F127DA), modified with Pluronic F127 (F127), exhibits low swelling properties,
fatigue resistance, and proper elastic modulus, which complement the shortcomings of
PEGDA [28–30]. Bioinks combined with F127DA and PEGDA may possess excellent print-
ability and mechanical properties. However, this combination has not been widely used in
BTE perhaps due to the lack of cell adhesion [31–33].

Gelatin methacrylate (GelMA), as one of the most commonly used photosensitive
hydrogel materials in bone tissue engineering, has good biocompatibility [34]. Unlike
PEGDA and F127DA, GelMA can significantly promote cell adhesion and proliferation [35].
Thus, based on this, a new GelMA/PEGDA/F127DA bioink was developed in this study
and a GelMA/PEGDA/F127DA scaffold was prepared using DLP printing technology;
the scaffold not only possessed good mechanical properties similar to synthetic materials
and played a supporting role in early implantation, but the porous structure created by 3D
printing also actively promoted the growth of bone tissue. Moreover, the addition of GelMA
greatly increased the cell adhesion of the scaffold, which is crucial for osteoconduction
and bone regeneration. Therefore, the composite scaffold consisting of natural (GelMA)
and synthetic materials (PEGDA-F127DA) prepared using DLP technology represents a
promising approach for the treatment of bone defects (Figure 1).

 
Figure 1. Schematic of the GelMA/PEGDA/F127DA scaffold for bone regeneration.

2. Materials and Methods

2.1. Materials

Gelatin from porcine skin was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Methacrylic anhydride (MA, 97%) and lithium phenyl-2,4,6-trimethylbenzoyl phosphinate
(LAP) were purchased from J&K (Beijing, China). PEGDA and F127DA were purchased
from Engineering for Life (EFL) (Suzhou, China). Cell counting kit-8 (CCK-8), a live/dead
viability assay kit, phalloidin, Alizarin Red S, and an alkaline phosphatase (ALP) assay kit
were purchased from Beyotime (Shanghai, China).
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2.2. Preparation of Bioinks

The preparation of GelMA was carried out as described previously [36]. In brief,
gelatin was dissolved in phosphate buffered saline (PBS) at 40 ◦C to prepare a 10% gelatin
solution. After adding methacrylic anhydride (MA) dropwise into the gelatin solution,
the solution was stirred with magnetic force for three hours at 40 ◦C and 300 rpm; then, a
white porous foam was prepared after dialysis against distilled water for 5 days at 40 ◦C
and lyophilized.

GelMA (5% (w/v)), PEGDA (10% (w/v)), and F127DA (5% (w/v)) were dissolved
in PBS supplemented with lithium phenyl (2,4,6-trimethylbenzoyl) phosphinate (LAP,
0.25% (w/v)) and tartrazine (0.05% (w/v)). Then, a bioink composed of 5% GelMA/10%
PEGDA/5% F127DA (GPF) was prepared. The preparation method of another bioink
containing 10% PEGDA/5% F127DA (PF) was the same.

2.3. Fabrication of Scaffolds

The CAD model was designed as a cylinder with interconnected pores, with a diameter
of 6 mm, height of 8 mm, and pore size of 600 μm. Then, a DLP printer (BP8601 Pro, EFL,
Suzhou, China) was used to prepare the scaffolds and the parameters were adjusted
for printing. Then, the scaffolds were strengthened under ultraviolet light for 3 min
(kernel parameters: layer height, 100 μm; light intensity, 20 mW/cm2; exposure time, 4 s;
temperature, 29 ◦C).

2.4. Characterization
2.4.1. Microstructure of the 3D-Printed Scaffolds

The scaffolds were observed using a scanning electron microscope (SEM, SU8100,
HITACHI, Hitachi, Japan) after lyophilization (K850, Quorum, East Sussex, UK) and
gold/palladium sputter-coating (MC1000, HITACHI, Hitachi, Japan). The pore size of
the printed scaffolds was calculated using the ImageJ software (V1.8.0, NIH, Bethesda,
MD, USA); three images were selected for each sample, and five pores were measured for
each image.

2.4.2. Compressive Tests

A compression test was performed using a universal tensile machine (3365, Instron,
Boston, MA, USA) at room temperature. The compression modulus was defined as the
initial slope of the linear region of the stress–strain curve. The mechanical indexes (com-
pressive stress and modulus) were acquired according to the software (n = 3).

2.4.3. Swelling

The different scaffolds were placed into PBS and soaked for 24 h at 37 ◦C, and their
weights (Ws) were measured after sufficient swelling. Then, the scaffolds were freeze-dried
to obtain their dry weight (Wd). The swelling ratio was calculated as

Swelling ratio =
Ws − Wd

Wd
(1)

2.4.4. Degradation

The different scaffolds were lyophilized, and their weights (W0) were measured. Then,
the lyophilized scaffolds were placed in PBS solution and soaked at 37 ◦C. The PBS was
changed every two days and the samples were removed on the 3rd, 6th, 9th, 12th, 15th,
20th, 25th, 30th, 40th, and 50th day. After rinsing twice with deionized water, the samples
were lyophilized and weighed (Wt). The remaining weight was calculated as

Remaining weight (%) =
Wt
W0

× 100% (2)
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2.5. Cell Culture

The mouse embryo osteoblast precursor cells (MC3T3-E1 subclone 14) and rabbit bone
marrow mesenchymal stem cells (rBMSCs) used in this experiment were obtained from the
Orthopedic Laboratory of the PLA General Hospital. The original generation of cells was
expanded to the 3rd generation with medium containing α-MEM, fetal bovine serum (FBS,
10%) and penicillin–streptomycin (1%) for experiments. Both types of cells were cultured
in this medium—refreshed every 2 days—in a 37 ◦C and 5% CO2 environment.

2.6. Cell Viability
2.6.1. Extracts of Different Scaffolds

The scaffolds were soaked in medium for 48 h at 37 ◦C. For different scaffolds, 100%
extracts were prepared according to the standard of 1.25 cm2/mL and diluted to different
concentrations of 75%, 50%, and 25%.

2.6.2. CCK-8

MC3T3-E1 cells were cultured in extracts with different concentrations of different
scaffolds for 1–5 days. After the color deepened for 1 h with the addition of CCK-8
(10%), the cell viability was analyzed using a microplate reader (Thermo Fisher, Waltham,
MA, USA).

2.6.3. Live/Dead Staining of Cells Cultured with Extracts

MC3T3-E1 cells were cultured for 48 h in the extracts at the optimal concentration
obtained via the CCK-8 assay. The cells were incubated with live/dead dye for 15 min, and
then observed under a fluorescence microscope (Ni-U, Nikon, Tokyo, Japan), where green
represented living cells and red represented dead cells.

2.6.4. Phalloidin Staining of Cells Cultured with Extracts

MC3T3-E1 cells cultured for 48 h in the extracts were fixed in 4% paraformaldehyde
solution for 30 min. After three washes with PBS, the cells were stained with phalloidin
for 30 min and DAPI for 5 min. The morphology of the cytoskeleton was observed with a
confocal microscope (FV3000, Olympus, Tokyo, Japan).

2.6.5. Live/Dead Staining of Cells Cultured on Scaffolds

Sterile scaffolds were soaked in medium for 15 min in 24-well plates; following their
removal from the medium, 1 mL of cell suspension (5 × 104 cells) was added. MC3T3-E1
cells were seeded on different scaffolds and cultured in medium for 48 h. The cells were
incubated with live/dead dye for 15 min, and then observed under a confocal microscope
(Olympus, FV3000, Tokyo, Japan), where green represented living cells and red represented
dead cells.

2.7. Effect of the Scaffold on Osteogenic Differentiation In Vitro
2.7.1. Extracts of Different Scaffolds

To distinguish the promotive effect of the scaffolds on osteogenesis under osteoin-
ductive conditions (OIC) and non-osteoinductive conditions (non-OIC), osteoinductive
extracts were prepared in a similar way to the normal extracts.

rBMSCs cultured for 5 (non-OIC) and 7 (OIC) days were fixed in 4% paraformaldehyde
solution for 30 min. After three washes with PBS, they were stained with an ALP assay kit
for one hour and observed with a stereomicroscope (SMZ25, Nikon, Tokyo, Japan).

2.7.2. Alizarin Red S

rBMSCs cultured for 5 (non-OIC) and 21 (OIC) days were fixed in 4% paraformalde-
hyde solution for 30 min. After three washes with PBS, they were stained with Alizarin Red
S for ten minutes and observed with a stereomicroscope (SMZ25, Nikon, Tokyo, Japan).
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2.7.3. Quantitative Real-Time PCR

The scaffolds were soaked in medium for half an hour and then removed. A total
of 105 cells were seeded on the surface of the scaffolds and cultured for 24 h in normal
medium, which was then replaced with osteoinductive medium (50 μg/mL ascorbic acid,
10 mM β-phosphoglycerol, and 10 nM dexamethasone) or osteoinductive extracts. After
5 days of culture, total RNA was extracted from the cells for real-time PCR using Trizol
reagent (G3013, Servicebio, Wuhan, China); each sample was repeated three times.

2.8. Effect of the Scaffold on Bone Regeneration In Vivo
2.8.1. Ethics Statement

All animals used in this study were obtained from the Animal Experiment Center of
the PLA General Hospital and approved by the Ethics Committee (2022-x18-51).

2.8.2. Implantation in Rabbit Femoral Condyle Defects

New Zealand white rabbits (2.5 kg ± 0.5 kg, male, 3 in each group) were used in this
experiment. Briefly, the rabbits were anesthetized, and the distal femur was shaved and
disinfected. After cutting the skin and subcutaneous tissue, a cylindrical defect 6 mm in
diameter was created, without penetrating the contralateral cortex in the distal femur, using
a surgical drill. The sterile scaffolds were inserted into the defect site and the subcutaneous
tissue and skin were sutured layer by layer. The rabbits were sacrificed at week 4 and week
12 postoperatively for the next step of treatment.

2.8.3. Micro-CT Analysis

The Inveron MM System (Siemens, Munich, Germany) was used to evaluate the
amount of new bone in each group of rabbits via micro-CT scans. The scanning parameters
were an effective pixel size of 17.34 μm, a current of 500 μA, a voltage of 80 kV, and
an exposure time of 1500 ms. The 2D images were reconstructed into 3D images using
Inveron Research Workplace (Siemens) to calculate the bone regeneration parameters:
BMD, bone volume/total volume (BV/TV), trabecular thickness (Tb.Th), and trabecular
spacing (Tb.SP).

2.8.4. Histology Analysis

Samples were decalcified in 10% EDTA, dehydrated in a stepped concentration of
ethanol, and cleared using xylene. The samples were then embedded in paraffin and cut
into 10 mm slices using a microtome for staining.

2.9. Statistical Analysis

The results between two groups were analyzed using a paired t test. The results
among three groups were analyzed using a one-way analysis of variance (ANOVA) with a
Tukey–Kramer multiple comparison analysis using the GraphPad Prism software (version 8,
GraphPad, San Diego, CA, USA). The data are expressed as the mean ± standard deviation
(SD) and all experiments were performed at least three times. A value of p < 0.05 was
regarded as statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Results

3.1. Characterization

Two scaffolds with different compositions, 10% PEGDA/5% F127DA (PF) and 5%
GelMA/10% PEGDA/5% F127DA (GPF), were successfully prepared. As predicted, the
printed scaffolds possessed a favorable porous structure, with a pore size of 508.13 ± 21.28 μm
for the GPF scaffold, which was lower than the 564.04 ± 17.56 μm found for the PF scaffold
and 600 μm for the CAD (Figure 2A–E). However, as shown in Figure 2H–J, the addition
of GelMA did not significantly change the compressive strength of the scaffolds, but
the modulus decreased from 127.4 ± 12 kPa to 92.34 ± 6.80 kPa as the scaffold became
more elastic. In addition, when the scaffolds were soaked in PBS for 24 h to reach swelling
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equilibrium, the swelling ratios of PF and GPF were 3.35 ± 0.88 and 3.90 ± 0.62, respectively.
The remaining weight of GPF at day 50 was 57.81 ± 3.64%, which may be more suitable for
bone regeneration than the weight of 67.10 ± 4.30% observed for PF (Figure 2F,G).

Figure 2. Characterization of scaffolds. (A) Image of 3D modeling. (B,C) Images of the GPF scaffold.
(D) SEM image of the GPF scaffold. (E) Pore size of the CAD and scaffolds. (F) Swelling ratio of
different scaffolds. (G) In vitro degradation behavior of the two scaffolds in PBS (37 ◦C, pH = 7.4).
(H) Compressive stress–strain curves of the scaffolds. (I) Compressive modulus of the scaffolds.
(J) Compressive strength of the scaffolds. Data were analyzed using a paired t test and are shown as
the mean ± standard deviation (** p < 0.01, n = 3).

3.2. Biocompatibility

Good biocompatibility is the basis for the clinical application of bone tissue engi-
neering. To investigate the cytocompatibility of PF and GPF, the extracts were prepared
at different concentrations (100%, 75%, 50%, and 25%) for cell culture according to the
standards of extract preparation. As shown in Figure 3A, there was no obvious effect of
either scaffold on cell proliferation when the extract concentrations were 100%,75%, or 50%,
while GPF significantly improved cell proliferation after day 4 compared to PF when the
extract concentration was 25%. Moreover, cells were cultured in the 25% extract for 48 h and
stained with a live/dead viability assay kit, and phalloidin, and similar cell numbers and
morphologies were observed for PF, GPF, and normal medium (Figure 3B,C and Figure 4).

For further observation of the growth condition of the cells on the scaffold surface,
MC3T3-E1 cells were inoculated on the scaffolds and cultured for 48 h. After staining with
a live/dead viability assay kit, it was found that the number of cells on the surface of the
PF scaffolds was low and most were dead, and the cells exhibited a spherical shape. In
contrast, cells on the surface of the GPF scaffolds were observed to be well proliferated,
with a low number of dead cells; in addition, MC3T3-E1 cells could extend their tentacles
on the surface of the GPF scaffolds (Figure 5).
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Figure 3. Biocompatibility of scaffolds as extracts in vitro. (A) CCK-8 assay showing the proliferation
of MC3T3-E1 cells co-cultured with different extracts of different scaffolds for 1–5 days. (B) Live/dead
assay of MC3T3-E1 cells co-cultured with 25% extract for 2 days. Green represents living cells and red
represents dead cells. (C) Number of cells in the live/dead assay. Data were analyzed via a one-way
ANOVA and are shown as the mean ± standard deviation (* p < 0.05, ** p < 0.01, n = 3).

Figure 4. Phalloidin staining of MC3T3-E1 cells cocultured with 25% extract for 2 days.
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Figure 5. Biocompatibility and SEM images of scaffolds in vitro. (A) Live/dead assay of MC3T3-E1
cells cultured on scaffolds for 2 days. Green represents living cells and red represents dead cells.
(B) SEM images of cells cultured on the surface of the scaffolds for 2 days.

3.3. Capacity for Osteogenic Differentiation In Vitro

To distinguish the osteogenic promotion of the scaffolds under OIC and non-OIC, we
performed an in vitro validation of osteogenic differentiation in each of the two conditions.

The rBMSCs were stained with an ALP assay kit and Alizarin Red S after 5 days of
culture in normal extracts. The osteogenic differentiation of rBMSCs was not promoted by
either the PF or GPF scaffolds (Figure 6A,B), and the expression of osteogenic genes such
as Col-1, OPN, OCN, and Runx2 was similar in each group after seeding the cells on the
scaffolds for 5 days (Figure 6C).

Figure 6. Effect of scaffolds on osteogenic differentiation under non-osteoinductive conditions.
(A) ALP staining after 5 days of culture in normal extracts. (B) Alizarin Red S staining after 5 days of
culture in normal extracts. (C) Expression of osteogenic-related genes determined using quantitative
real-time PCR. Data were analyzed via a one-way ANOVA and are shown as the mean ± standard
deviation (n = 3).

However, when rBMSCs were cultured in osteogenic extracts, a clear difference was
observed between ALP staining on day 7 and Alizarin Red S staining on day 14, where
GPF possessed a greater ability to promote osteogenic differentiation than PF (Figure 7A,B).
Similarly, the expression of osteogenic-related genes was higher in cells seeded on GPF
rather than PF scaffolds (Figure 7C).
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Figure 7. Effect of scaffolds on osteogenic differentiation under osteoinductive conditions. (A) ALP
staining after 7 days of culture in osteoinductive extracts. (B) Alizarin Red S staining after 14 days
of culture in osteoinductive extracts. (C) Expression of osteogenic-related genes determined using
quantitative real-time PCR. Data were analyzed via a one-way ANOVA and are shown as the
mean ± standard deviation (* p < 0.05, ** p < 0.01, *** p < 0.001, n = 3).

3.4. Bone Regeneration In Vivo

To explore the effect of the different scaffolds on the treatment of bone defects, PF
and GPF scaffolds were implanted at the distal femoral defect site and a micro-CT was
performed at week 4 and week 12 postoperatively. The results suggested that without
intervention, there was only a small amount of new bone at the defect site at week 12.
However, greater regeneration of bone tissue was observed with both the PF and GPF
scaffolds, mostly from cancellous bone toward cortical bone, and the new bone took on a
scaffold-like meshed shape. At week 12, the new bone latticed off, which could be related
to degradation inside the scaffold (Figure 8A). Similar results to the CT images can be
observed in Figure 8B, with the GPF scaffold achieving better efficacy in BMD, BV/TV, Th.
Tb, and Th. Sp.

Subsequently, a histological analysis of the samples was performed at week 12. It was
observed from HE and Masson staining that a gap existed between the PF scaffolds and the
new bone organization, which was consistent with the in vitro study where the PF scaffolds
lacked cell and tissue adhesion. In contrast, the new bone could adhere to the surface of
the GPF scaffold and grow into the pores, exhibiting good osteoconductivity (Figure 9).
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Figure 8. Micro-CT analysis of new bone formation at 4 weeks and 12 weeks. (A) Reconstructed 3D
patterns from micro-CT images of femur defects at 4 weeks and 12 weeks. (B) Micro-architectural
parameters of the newly formed bone. BMD-bone mineral density; BV/TV-bone tissue volume/total
tissue volume; Tb.Th-trabecular thickness; Tb.Sp-trabecular separation. Data were analyzed via a one-way
ANOVA and are shown as the mean ± standard deviation (* p < 0.05, ** p < 0.01, *** p < 0.001, n = 3).

 
Figure 9. Histological evaluation of newly formed bone at 12 weeks. NB-new bone; HB-host bone;
IM-implanted materials.
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4. Discussion

DLP printing technology is widely used in bone tissue engineering owing to its good
printing accuracy and gentle printing process, which requires bioink with photosensitive
properties [37–39]. At this stage, the materials used mainly consist of natural materials
(GelMA, HAMA, etc.), synthetic materials (PEGDA, F127DA, PPF, etc.), and inorganic
materials (TCP, HA, metals, etc.). Among them, natural and synthetic materials can
be chemically modified to endow them with photosensitive properties for direct DLP
printing [40,41], while inorganic materials need to be mixed into a photosensitive resin
for printing and sintered (1200 ◦C) to remove organics [42]. Greeshma et al., prepared
GelMA-based bioink from autologous bone particles (BPs) and determined the appropriate
printing parameters, revealing that 3D-printed GelMA/BP-based composite scaffolds
could effectively promote bone regeneration by improving the proliferation, migration,
and osteogenic differentiation capacity of cells [16]. Zhang et al., prepared Haversian
bone-mimicking scaffolds using the DLP printing technique with bioceramics; the scaffolds
were found to induce osteogenesis, angiogenesis, and neural differentiation in vitro and
accelerate the growth of blood vessels and new bone formation in vivo [43].

Natural materials with good bioactivity have some disadvantages such as poor me-
chanical properties and rapid degradation [44]. Inorganic ceramic and some metallic
materials (e.g., titanium, steel, etc.) with strong mechanical properties possess slow degra-
dation rates, and are generally brittle [45]. In addition, some metals with weak rigidity, such
as magnesium, can promote vascular and bone regeneration; however, some studies have
demonstrated that the dynamic in vivo environment can lead to the accelerated fatigue
of magnesium materials, making the magnesium scaffold lose its abilities as described
earlier [44]. In addition, high-temperature sintering during the preparation of scaffolds
using inorganic materials can lead to the inactivation of active substances in bioink; these
disadvantages limit the application of these materials in BTE. Therefore, synthetic polymers
need to be further explored for use in DLP-printed bone tissue engineering. PEGDA (brittle
material) and F127DA (elastic material) are the most common synthetic polymers used
for modification, possessing photo-crosslinking and complementary mechanical proper-
ties. Shen et al., prepared a tissue adhesive with good histocompatibility using PEGDA
and F127DA; the adhesive was expected to repair wounded tissues without suturing [45].
However, neither material has been proposed for the preparation of BTE scaffolds via DLP.

In this study, PEGDA and F127DA were added to bioink and showed satisfactory
printing and mechanical properties, while no obvious cytotoxicity of the printed scaffolds
was observed. However, cells exhibited difficulty in adhering after seeding on the surface
of the PF scaffold, which may be a hindrance for its application in BTE. Therefore, the
addition of materials with stronger adhesion properties is needed to increase the bioactivity
of synthetic polymers. Wang et al., prepared an injectable hydrogel by adding GelMA to a
PEGDA-based bioink. Although the compressive strength of the scaffold (approximately
300 kPa) still needs to be improved and its injectable properties imply the abandonment of
the macroscopic porous structure, the addition of GelMA improved the bioadhesion of the
bioink [25,46]. Therefore, GelMA, with its good biocompatibility and adhesion support,
was added to the PEGDA/F127DA bioink in this study to promote cell adhesion and
proliferation. It can be clearly observed in Figure 5 that cells on the surface of the GPF
scaffolds can extend their tentacles for better adhesion and proliferation than the spherical
cells on the surface of the PF scaffolds. In addition, while retaining the good mechanical
properties of the PF scaffold, the GPF scaffold had a faster degradation rate, which could
help new bone to better replace the material, facilitating the regeneration of bone tissue.

In addition to the choice of material, pore size is also crucial for cell proliferation and
differentiation. From the literature, pore sizes larger than 300 μm show better vasculariza-
tion and osseointegration in BTE [47,48]. Zhang et al., showed that the optimal pore size
for osteogenic capacity is approximately 600–700 μm, and pore sizes that are too small or
too large affect cell behavior and bone regeneration [49]. Chen et al., demonstrated that a
pore size of 500 μm showed the best cell proliferation and differentiation and inward bone
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growth [50]. Luo et al., concluded that porous scaffolds with a pore size of 400–600 μm
better promote osteogenesis and osseointegration [51]. Although some scholars believe
that a small pore size (188 μm) is more favorable for the osteogenic differentiation of cells
in vitro [52], more studies have demonstrated that 400–700 μm is a good choice for the
preparation of bone tissue engineering scaffolds [49–51,53]. In this study, the standard pore
size of the scaffold was 600 μm, while the printed PF scaffold had a pore size of approx-
imately 564 μm and the pore size of the GPF scaffold was approximately 508 μm. The
addition of GelMA increased the bioadhesion of the scaffold but reduced the printability
of the bioink; nevertheless, both scaffolds had a good pore size structure and exhibited
satisfactory bone regeneration.

The conditions under which GPF promotes bone regeneration were also investigated in
this study. There are various ways for materials to enhance bone regeneration, one of which
is to induce the osteogenic differentiation of rBMSCs when there is no exogenous induction;
another is to use a scaffold to accelerate the osteogenic differentiation of rBMSCs when an
inductive environment exists. The GPF scaffolds in this study represent the second option,
which can be observed from the in vitro experiments. When rBMSCs were cultured in
normal medium, the GPF scaffolds and PF scaffolds did not exhibit osteogenesis-promoting
effects, whereas when cultured in osteogenesis-inducing medium, the effect of the GPF
scaffolds in promoting osteogenesis was significantly greater than that of the PF scaffolds.
Combined with the 3D images of the defect site from the CT reconstruction, these results
indicated that GPF can play a facilitating role in promoting bone regeneration when an
osteogenesis-inducing environment exists in vivo. In addition, the lattice-like new bone
showed that the bone was growing and crawling along the pore structure. At 12 weeks, the
reduction of the lattice-like structure indicated the degradation of the scaffold, leading to
the loss of its original aperture which was replaced by new bone tissue. Our histological
observations, shown in Figure 9, were consistent with the in vitro structure. A lack of
adhesion of the PF scaffold to the cells and tissues resulted in a significant gap between
them in vivo. In contrast, the tightly adherent growth of bone tissue could be observed
around the GPF scaffold containing GelMA, indicating that the GPF scaffold could guide
the adhesion and regeneration of new bone.

Our results clearly indicate that GPF possesses a satisfactory porous structure (508.13 ±
21.28 μm) and mechanical properties (829.59 ± 89.21 kPa) to promote osteogenic differ-
entiation under osteoinductive conditions and guide bone growth in vivo. However, the
following limitations may exist. First, the accuracy of the universal tensile machine is 0.5%,
which means the mechanical results may have an error of 0.5%. Second, the differential
effects of GPF scaffolds on osteogenic differentiation in diverse environments still require
further investigation. Third, the establishment of a 3D finite element model to simulate
3D physiological loading has made significant progress in the design of implants [54],
which has given us great insight to predict the state of BTE scaffolds in vivo through
computational simulations for developing an optimal structure.

5. Conclusions

GPF scaffolds prepared using DLP printing technology not only possess satisfactory
mechanical properties, but also an appropriate degradation rate that is more compatible
with the time course of bone regeneration. By improving the disadvantages of traditional
synthetic polymers that are not conducive to cell adhesion, these scaffolds exhibit excellent
histocompatibility, guiding the new bone tissue to grow inside the defect when implanted
in vivo. Furthermore, GPF scaffolds can effectively promote the osteogenic differentiation
of rBMSCs in an osteoinductive but not a non-osteoinductive environment. The reasons
for such different results will be the focus of further research. In summary, GPF-based
composite scaffolds prepared using DLP printing technology provide a new approach to
the clinical treatment of bone defects.
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5. Kačarević, Ž.P.; Rider, P.; Alkildani, S.; Retnasingh, S.; Pejakić, M.; Schnettler, R.; Gosau, M.; Smeets, R.; Jung, O.; Barbeck, M. An
introduction to bone tissue engineering. Int. J. Artif. Organs 2020, 43, 69–86. [CrossRef] [PubMed]

6. Peng, Z.; Zhao, T.; Zhou, Y.; Li, S.; Li, J.; Leblanc, R. Bone Tissue Engineering via Carbon-Based Nanomaterials. Adv. Healthc.
Mater. 2020, 9, e1901495. [CrossRef]

7. Feng, Y.; Zhu, S.; Mei, D.; Li, J.; Zhang, J.; Yang, S.; Guan, S. Application of 3D Printing Technology in Bone Tissue Engineering: A
Review. Curr. Drug Deliv. 2021, 18, 847–861. [CrossRef]

8. Matai, I.; Kaur, G.; Seyedsalehi, A.; McClinton, A.; Laurencin, C. Progress in 3D bioprinting technology for tissue/organ
regenerative engineering. Biomaterials 2020, 226, 119536. [CrossRef]

9. Rahimnejad, M.; Rezvaninejad, R.; Rezvaninejad, R.; França, R. Biomaterials in bone and mineralized tissue engineering using 3D
printing and bioprinting technologies. Biomed. Phys. Eng. Express 2021, 7, 062001. [CrossRef]

10. Gong, J.; Qian, Y.; Lu, K.; Zhu, Z.; Siow, L.; Zhang, C.; Zhou, S.; Gu, T.; Yin, J.; Yu, M.; et al. Digital light processing (DLP) in tissue
engineering: From promise to reality, and perspectives. Biomed. Mater. 2022, 17, 062004. [CrossRef]

11. Etemad-Shahidi, Y.; Qallandar, O.B.; Evenden, J.; Alifui-Segbaya, F.; Ahmed, K.E. Accuracy of 3-Dimensionally Printed Full-Arch
Dental Models: A Systematic Review. J. Clin. Med. 2020, 9, 3357. [CrossRef]

12. Zhang, J.; Hu, Q.; Wang, S.; Tao, J.; Gou, M. Digital Light Processing Based Three-dimensional Printing for Medical Applications.
Int. J. Bioprint. 2020, 6, 242. [CrossRef] [PubMed]

13. Hosseinabadi, H.G.; Dogan, E.; Miri, A.; Ionov, L. Digital Light Processing Bioprinting Advances for Microtissue Models. ACS
Biomater. Sci. Eng. 2022, 8, 1381–1395. [CrossRef]

14. Wu, Y.; Su, H.; Li, M.; Xing, H. Digital light processing-based multi-material bioprinting: Processes, applications, and perspectives.
J. Biomed. Mater. Res. Part A 2022, 111, 527–542. [CrossRef] [PubMed]

15. Gao, Q.; Niu, X.; Shao, L.; Zhou, L.; Lin, Z.; Sun, A.; Fu, J.; Chen, Z.; Hu, J.; Liu, Y.; et al. 3D printing of complex GelMA-based
scaffolds with nanoclay. Biofabrication 2019, 11, 035006. [CrossRef] [PubMed]

16. Ratheesh, G.; Vaquette, C.; Xiao, Y. Patient-Specific Bone Particles Bioprinting for Bone Tissue Engineering. Adv. Healthc. Mater.
2020, 9, e2001323. [CrossRef]

17. Gaharwar, A.K.; Dammu, S.A.; Canter, J.M.; Wu, C.J.; Schmidt, G. Highly extensible, tough, and elastomeric nanocomposite
hydrogels from poly(ethylene glycol) and hydroxyapatite nanoparticles. Biomacromolecules 2011, 12, 1641–1650. [CrossRef]

18. Kim, H.D.; Lee, E.A.; An, Y.H.; Kim, S.L.; Lee, S.S.; Yu, S.J.; Jang, H.L.; Nam, K.T.; Im, S.G.; Hwang, N.S. Chondroitin Sulfate-Based
Biomineralizing Surface Hydrogels for Bone Tissue Engineering. ACS Appl. Mater. Interfaces 2017, 9, 21639–21650. [CrossRef]

19. Wang, Y.; Miao, Y.; Zhang, J.; Wu, J.P.; Kirk, T.B.; Xu, J.; Ma, D.; Xue, W. Three-dimensional printing of shape memory hydrogels
with internal structure for drug delivery. Mater. Sci. Eng. C Mater. Biol. Appl. 2018, 84, 44–51. [CrossRef]

66



J. Funct. Biomater. 2023, 14, 96

20. Li, H.; Ma, T.; Zhang, M.; Zhu, J.; Liu, J.; Tan, F. Fabrication of sulphonated poly(ethylene glycol)-diacrylate hydrogel as a bone
grafting scaffold. J. Mater. Science. Mater. Med. 2018, 29, 187. [CrossRef]

21. Escudero-Castellanos, A.; Ocampo-García, B.E.; Domínguez-García, M.V.; Flores-Estrada, J.; Flores-Merino, M.V. Hydrogels based
on poly(ethylene glycol) as scaffolds for tissue engineering application: Biocompatibility assessment and effect of the sterilization
process. J. Mater. Science. Mater. Med. 2016, 27, 176. [CrossRef] [PubMed]

22. Spotnitz, W.D.; Burks, S. Hemostats, sealants, and adhesives: Components of the surgical toolbox. Transfusion 2008, 48, 1502–1516.
[CrossRef] [PubMed]

23. Sousa, A.C.; Biscaia, S.; Alvites, R.; Branquinho, M.; Lopes, B.; Sousa, P.; Valente, J.; Franco, M.; Santos, J.D.; Mendonça, C.; et al.
Assessment of 3D-Printed Polycaprolactone, Hydroxyapatite Nanoparticles and Diacrylate Poly(ethylene glycol) Scaffolds for
Bone Regeneration. Pharmaceutics 2022, 14, 2643. [CrossRef]

24. Mondal, D.; Haghpanah, Z.; Huxman, C.; Tanter, S.; Sun, D.; Gorbet, M.; Willett, T.L. mSLA-based 3D printing of acrylated
epoxidized soybean oil—Nano-hydroxyapatite composites for bone repair. Mater. Sci. Eng. C Mater. Biol. Appl. 2021, 130, 112456.
[CrossRef] [PubMed]

25. Wang, Y.; Cao, X.; Ma, M.; Lu, W.; Zhang, B.; Guo, Y. A GelMA-PEGDA-nHA Composite Hydrogel for Bone Tissue Engineering.
Materials 2020, 13, 3735. [CrossRef] [PubMed]

26. Zhai, X.; Ruan, C.; Ma, Y.; Cheng, D.; Wu, M.; Liu, W.; Zhao, X.; Pan, H.; Lu, W.W. 3D-Bioprinted Osteoblast-Laden Nanocomposite
Hydrogel Constructs with Induced Microenvironments Promote Cell Viability, Differentiation, and Osteogenesis both In Vitro
and In Vivo. Adv. Sci. 2018, 5, 1700550. [CrossRef]

27. Luo, Y.; Pan, H.; Jiang, J.; Zhao, C.; Zhang, J.; Chen, P.; Lin, X.; Fan, S. Desktop-Stereolithography 3D Printing of a Polyporous
Extracellular Matrix Bioink for Bone Defect Regeneration. Front. Bioeng. Biotechnol. 2020, 8, 589094. [CrossRef]

28. Shen, C.; Li, Y.; Wang, Y.; Meng, Q. Non-swelling hydrogel-based microfluidic chips. Lab Chip 2019, 19, 3962–3973. [CrossRef]
29. Li, Y.; Wang, Y.; Shen, C.; Meng, Q. Non-swellable F127-DA hydrogel with concave microwells for formation of uniform-sized

vascular spheroids. RSC Adv. 2020, 10, 44494–44502. [CrossRef]
30. Sun, Y.N.; Gao, G.R.; Du, G.L.; Cheng, Y.J.; Fu, J. Super Tough, Ultrastretchable, and Thermoresponsive Hydrogels with

Functionalized Triblock Copolymer Micelles as Macro-Cross-Linkers. ACS Macro Lett. 2014, 3, 496–500. [CrossRef]
31. Jiang, T.; Zhao, J.; Yu, S.; Mao, Z.; Gao, C.; Zhu, Y.; Mao, C.; Zheng, L. Untangling the response of bone tumor cells and bone

forming cells to matrix stiffness and adhesion ligand density by means of hydrogels. Biomaterials 2019, 188, 130–143. [CrossRef]
[PubMed]

32. Wang, Y.; Shang, L.; Chen, G.; Sun, L.; Zhang, X.; Zhao, Y. Bioinspired structural color patch with anisotropic surface adhesion.
Sci. Adv. 2020, 6, eaax8258. [CrossRef] [PubMed]

33. Li, S.; Zhou, H.; Li, Y.; Jin, X.; Liu, H.; Lai, J.; Wu, Y.; Chen, W.; Ma, A. Mussel-inspired self-adhesive hydrogels by conducting free
radical polymerization in both aqueous phase and micelle phase and their applications in flexible sensors. J. Colloid Interface Sci.
2022, 607, 431–439. [CrossRef] [PubMed]

34. Yue, K.; Santiago, G.T.-d.; Alvarez, M.M.; Tamayol, A.; Annabi, N.; Khademhosseini, A. Synthesis, properties, and biomedical
applications of gelatin methacryloyl (GelMA) hydrogels. Biomaterials 2015, 73, 254–271. [CrossRef]

35. Hong, Y.; Zhou, F.; Hua, Y.; Zhang, X.; Ni, C.; Pan, D.; Zhang, Y.; Jiang, D.; Yang, L.; Lin, Q.; et al. A strongly adhesive hemostatic
hydrogel for the repair of arterial and heart bleeds. Nat. Commun. 2019, 10, 2060. [CrossRef] [PubMed]

36. Gao, J.; Ding, X.; Yu, X.; Chen, X.; Zhang, X.; Cui, S.; Shi, J.; Chen, J.; Yu, L.; Chen, S.; et al. Cell-Free Bilayered Porous Scaffolds for
Osteochondral Regeneration Fabricated by Continuous 3D-Printing Using Nascent Physical Hydrogel as Ink. Adv. Healthc. Mater.
2021, 10, e2001404. [CrossRef] [PubMed]

37. Feng, B.; Zhang, M.; Qin, C.; Zhai, D.; Wang, Y.; Zhou, Y.; Chang, J.; Zhu, Y.; Wu, C. 3D printing of conch-like scaffolds for guiding
cell migration and directional bone growth. Bioact. Mater. 2023, 22, 127–140. [CrossRef] [PubMed]

38. Tao, J.; Zhu, S.; Liao, X.; Wang, Y.; Zhou, N.; Li, Z.; Wan, H.; Tang, Y.; Yang, S.; Du, T.; et al. DLP-based bioprinting of void-forming
hydrogels for enhanced stem-cell-mediated bone regeneration. Mater. Today Bio 2022, 17, 100487. [CrossRef]

39. Zhang, B.; Gui, X.; Song, P.; Xu, X.; Guo, L.; Han, Y.; Wang, L.; Zhou, C.; Fan, Y.; Zhang, X. Three-Dimensional Printing of
Large-Scale, High-Resolution Bioceramics with Micronano Inner Porosity and Customized Surface Characterization Design for
Bone Regeneration. ACS Appl. Mater. Interfaces 2022, 14, 8804–8815. [CrossRef]

40. Liang, R.; Gu, Y.; Wu, Y.; Bunpetch, V.; Zhang, S. Lithography-Based 3D Bioprinting and Bioinks for Bone Repair and Regeneration.
ACS Biomater. Sci. Eng. 2021, 7, 806–816. [CrossRef]

41. Mei, Q.; Rao, J.; Bei, H.; Liu, Y.; Zhao, X. 3D Bioprinting Photo-Crosslinkable Hydrogels for Bone and Cartilage Repair. Int. J.
Bioprint. 2021, 7, 367. [CrossRef] [PubMed]

42. Zhang, J.; Huang, D.; Liu, S.; Dong, X.; Li, Y.; Zhang, H.; Yang, Z.; Su, Q.; Huang, W.; Zheng, W.; et al. Zirconia toughened
hydroxyapatite biocomposite formed by a DLP 3D printing process for potential bone tissue engineering. Mater. Sci. Engineering.
C Mater. Biol. Appl. 2019, 105, 110054. [CrossRef] [PubMed]

43. Zhang, M.; Lin, R.; Wang, X.; Xue, J.; Deng, C.; Feng, C.; Zhuang, H.; Ma, J.; Qin, C.; Wan, L.; et al. 3D printing of Haversian
bone-mimicking scaffolds for multicellular delivery in bone regeneration. Sci. Adv. 2020, 6, eaaz6725. [CrossRef] [PubMed]

44. Putra, R.U.; Basri, H.; Prakoso, A.T.; Chandra, H.; Ammarullah, M.I.; Akbar, I.; Syahrom, A.; Kamarul, T. Level of Activity
Changes Increases the Fatigue Life of the Porous Magnesium Scaffold, as Observed in Dynamic Immersion Tests, over Time.
Sustainability 2023, 15, 823. [CrossRef]

67



J. Funct. Biomater. 2023, 14, 96

45. Shen, C.; Li, Y.; Meng, Q. Adhesive polyethylene glycol-based hydrogel patch for tissue repair. Colloids Surf. B Biointerfaces 2022,
218, 112751. [CrossRef]

46. Wang, Y.; Ma, M.; Wang, J.; Zhang, W.; Lu, W.; Gao, Y.; Zhang, B.; Guo, Y. Development of a Photo-Crosslinking, Biodegradable
GelMA/PEGDA Hydrogel for Guided Bone Regeneration Materials. Materials 2018, 11, 1345. [CrossRef]

47. Karageorgiou, V.; Kaplan, D. Porosity of 3D biomaterial scaffolds and osteogenesis. Biomaterials 2005, 26, 5474–5491. [CrossRef]
48. Roosa, S.M.; Kemppainen, J.M.; Moffitt, E.N.; Krebsbach, P.H.; Hollister, S.J. The pore size of polycaprolactone scaffolds has

limited influence on bone regeneration in an in vivo model. J. Biomed. Mater. Res. Part A 2010, 92, 359–368. [CrossRef]
49. Zhang, Y.; Sun, N.; Zhu, M.; Qiu, Q.; Zhao, P.; Zheng, C.; Bai, Q.; Zeng, Q.; Lu, T. The contribution of pore size and porosity of 3D

printed porous titanium scaffolds to osteogenesis. Biomater. Adv. 2022, 133, 112651. [CrossRef]
50. Chen, Z.; Yan, X.; Yin, S.; Liu, L.; Liu, X.; Zhao, G.; Ma, W.; Qi, W.; Ren, Z.; Liao, H.; et al. Fang Influence of the pore size and

porosity of selective laser melted Ti6Al4V ELI porous scaffold on cell proliferation, osteogenesis and bone ingrowth. Mater. Sci.
Eng. C Mater. Biol. Appl. 2020, 106, 110289. [CrossRef]

51. Luo, C.; Wang, C.; Wu, X.; Xie, X.; Wang, C.; Zhao, C.; Zou, C.; Lv, F.; Huang, W.; Liao, J. Influence of porous tantalum scaffold
pore size on osteogenesis and osteointegration: A comprehensive study based on 3D-printing technology. Mater. Sci. Eng. C
Mater. Biol. Appl. 2021, 129, 112382. [CrossRef] [PubMed]

52. Chang, B.; Song, W.; Han, T.; Yan, J.; Li, F.; Zhao, L.; Kou, H.; Zhang, Y. Influence of pore size of porous titanium fabricated by
vacuum diffusion bonding of titanium meshes on cell penetration and bone ingrowth. Acta Biomater. 2016, 33, 311–321. [CrossRef]
[PubMed]

53. Li, W.; Dai, F.; Zhang, S.; Xu, F.; Xu, Z.; Liao, S.; Zeng, L.; Song, L.; Ai, F. Pore Size of 3D-Printed Polycaprolactone/Polyethylene
Glycol/Hydroxyapatite Scaffolds Affects Bone Regeneration by Modulating Macrophage Polarization and the Foreign Body
Response. ACS Appl. Mater. Interfaces 2022, 14, 20693–20707. [CrossRef] [PubMed]

54. Jamari, J.; Ammarullah, M.I.; Saad, A.P.M.; Syahrom, A.; Uddin, M.; van der Heide, E.; Basri, H. The Effect of Bottom Profile
Dimples on the Femoral Head on Wear in Metal-on-Metal Total Hip Arthroplasty. J. Funct. Biomater. 2021, 12, 38. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

68



Citation: de Araújo, J.C.R.; Sobral

Silva, L.A.; de Barros Lima, V.A.;

Bastos Campos, T.M.; Lisboa Filho,

P.N.; Okamoto, R.; de Vasconcellos,

L.M.R. The Local Release of

Teriparatide Incorporated in 45S5

Bioglass Promotes a Beneficial Effect

on Osteogenic Cells and Bone Repair

in Calvarial Defects in

Ovariectomized Rats. J. Funct.

Biomater. 2023, 14, 93.

https://doi.org/10.3390/

jfb14020093

Academic Editor: Marco Tatullo

Received: 6 November 2022

Revised: 24 January 2023

Accepted: 1 February 2023

Published: 9 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of 

Functional

Biomaterials

Article

The Local Release of Teriparatide Incorporated in 45S5 Bioglass
Promotes a Beneficial Effect on Osteogenic Cells and Bone
Repair in Calvarial Defects in Ovariectomized Rats

Juliani Caroline Ribeiro de Araújo 1,*, Leonardo Alvares Sobral Silva 1, Vinicius Almeida de Barros Lima 1, Tiago

Moreira Bastos Campos 2, Paulo Noronha Lisboa Filho 3, Roberta Okamoto 4

and Luana Marotta Reis de Vasconcellos 1

1 Department of Bioscience and Buccal Diagnose, Institute of Science and Technology, Sao Paulo State
University, UNESP, Sao Paulo 12245-700, SP, Brazil

2 Department of Prosthodontics and Periodontology, Bauru School of Dentistry, University of Sao Paulo,
Bauru 17012-230, SP, Brazil

3 Department of Physics, São Paulo State University, UNESP, Bauru 17033-360, SP, Brazil
4 Department of Surgery and Integrated Clinic, Araçatuba Dental School, São Paulo State University,

UNESP, Araçatuba 16066-840, SP, Brazil
* Correspondence: juliani.ribeiro@unesp.br

Abstract: With the increase in the population’s life expectancy, there has also been an increase in
the rate of osteoporosis, which has expanded the search for strategies to regenerate bone tissue.
The ultrasonic sonochemical technique was chosen for the functionalization of the 45S5 bioglass.
The samples after the sonochemical process were divided into (a) functionalized bioglass (BG)
and (b) functionalized bioglass with 10% teriparatide (BGT). Isolated mesenchymal cells (hMSC)
from femurs of ovariectomized rats were differentiated into osteoblasts and submitted to in vitro
tests. Bilateral ovariectomy (OVX) and sham ovariectomy (Sham) surgeries were performed in
fifty-five female Wistar rats. After a period of 60 days, critical bone defects of 5.0 mm were created
in the calvaria of these animals. For biomechanical evaluation, critical bone defects of 3.0 mm
were performed in the tibias of some of these rats. The groups were divided into the clot (control)
group, the BG group, and the BGT group. After the sonochemical process, the samples showed
modified chemical topographic and morphological characteristics, indicating that the surface was
chemically altered by the functionalization of the particles. The cell environment was conducive to cell
adhesion and differentiation, and the BG and BGT groups did not show cytotoxicity. In addition, the
experimental groups exhibited characteristics of new bone formation with the presence of bone tissue
in both periods, with the BGT group and the OVX group statistically differing from the other groups
(p < 0.05) in both periods. Local treatment with the drug teriparatide in ovariectomized animals
promoted positive effects on bone tissue, and longitudinal studies should be carried out to provide
additional information on the biological performance of the mutual action between the bioglass and
the release of the drug teriparatide.

Keywords: biocompatible materials; bone regeneration; cell differentiation; osteoporosis; teriparatide

1. Introduction

Osteoporosis, considered a public health problem, is one of the most prevalent post-
menopausal diseases in the world and is commonly associated with estrogen deficiency [1].
According to the International Osteoporosis Foundation, this disease is very common
in the elderly, and one in three women over 50 will experience a fracture due to bone
fragility during their lifetime [2]. This is because estrogen production is attenuated after the
menopausal period [3], and this deficiency inhibits, mainly in late phases, the differentiation
and maturation of osteoblasts, exerting a direct effect on these cells [4].
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In this context, in patients suffering from osteoporosis, bone healing is a negatively
affected process [5], making the treatment of bone defects or bone fractures in these compro-
mised organisms challenging [6]. Therefore, due to changes in the normal bone remodeling
process, it is sometimes necessary to implant biomaterials that can assist in the surgical
treatment of patients with osteoporotic fractures. In these cases, one must consider not only
the properties of the biomaterial but also the characteristics and regenerative capacity of
the host bone [7].

Currently, autogenous bone is considered the gold standard in the replacement of
bone defects [8], but the disadvantages associated with autogenous bone, such as the
need for more than one surgical site, limited availability, and the possibility of the post-
complications [9–11], have motivated the development of new biomaterials used in bone
repair [12,13], particularly bioglass, which has excellent physical–chemical properties and a
long history of applications as biomedical fillers, which has stimulated several researchers
to test the use of these materials in tissue engineering and regeneration strategies [14–21].
Furthermore, the discovery of bioglass as the first artificial material with a clear ability to
form an integrated bond with bones has stimulated the interest of scientists and clinicians
for a long time [22].

Previous studies have shown that the formation of a surface layer of apatite hydroxy-
carbonate (HCA) after the ionic exchange between glass and body fluid is responsible for
the bone binding mechanism of these materials [23,24], which also makes the role of the
surface of bioglass important in bioactivity studies [25]. In tissue regeneration strategies,
other materials such as metals, bioceramics, and biodegradable polymers can be associated
with 45S5 Bioglass® [26] increase the potential for application in tissue engineering [17],
making this material attractive to be evaluated as a bone substitute in adverse situations.

The 45S5 Bioglass® has great versatility in the fields of biomedicine, orthopedics, and
even dentistry, being used for bone repairs in the fields of periodontics [27], maxillofacial
surgery [28], and even for soft tissue repair [29]. Furthermore, the ability of bioglasses
to incorporate hydrophilic and hydrophobic groups in their structures resulted in their
development in association with therapeutic agents [30–33].

One of the new perspectives in the field of tissue engineering research is the use of
biomaterials associated with drugs that promote a joint action to act on bone repair [31,34,35].
Teriparatide (PTH 1-34) is a drug analogous to parathyroid hormone (PTH 1-84), which, when
administered systemically, proved to be effective in reducing the osteonecrotic area in the jaws
of animals receiving doses of zoledronic acid, a drug from the group of bisphosphonates, and
undergoing tooth extraction compared to the group that was not treated with teriparatide [36].
In addition, teriparatide stimulates cortical and trabecular bone formation, as well as increases
bone strength and volume [37]; this is because this drug has a different mechanism of action
than medications a currently available for the treatment of osteoporosis, with improved bone
quantity and quality in osteopenic animals [38–40]. PTH-34 facilitates cell proliferation and
differentiation, acting on cell angiogenesis and endothelial cell function as demonstrated by
Jiang et al. [41].

Because of the association between bioglass particles and local medicines for osteo-
porosis in the in vivo response, the choice of this drug was due to its favorable effects
on bone tissue metabolism [39,40,42,43] and evidence in the literature on its effect on cell
cultures [44,45].

The drug incorporation process on the surface of biomaterials can occur in different
ways; among them, sonochemical processing stands out [31] because in this technique, the
ultrasound equipment generates the formation of bullous cavitations through radiation
contact with the material [46], promoting changes in the physical and structural character-
istics of the biomaterial, such as reduction, homogenization of particles, and occasionally
the formation of a superficial amorphous layer [46,47], which is necessary for the incorpo-
ration of the drug. Gonzalo-Juan et al. [48] used the sonochemical technique to produce
silver nanoparticles and incorporate them into the surface of the bioglass and proved that
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this technique does not interfere with the bioactivity mechanisms of glass, as it does not
significantly change the network structure of the glass, considering this easy and fast route.

From this context, the investigation of new biomaterials that can accelerate or promote
bone regeneration in patients who present osteoporosis and require surgical procedures is
of paramount importance and has been addressed in current studies [15–21]. Therefore, the
development of a biomaterial that favors the bone regeneration process and can positively
contribute to the field of tissue bioengineering, promoting a combination of the advantages
of teriparatide medication, which proves to be an innovative bone anabolic drug, with
bioglass that has properties positive in relation to bone repair becomes of extreme necessity.

2. Materials and Methods

2.1. 45S5 Synthesis

We used the method described by Spirandeli et al. [49] to obtain 45S5 bioglass, which
is based on the processes of preparing glass ceramics by sol-gel followed by melting–
quenching. The fusion of the 45S5 bioglass was carried out in an oven at 1350 ◦C/15 min,
in a ZAS crucible (zirconia-alumina-silicon). Subsequently, the molten glass was poured
into water. The glass, in the shape of fries, was collected, dried, and then ground in a
mechanical mortar for 3 h and later sieved through a 200 mesh sieve. The composition of
the 45S5 bioglass, in % mol, was 46.1% SiO2, 24.4% Na2O, 26.9% CaO e 2.6% P2O5.

2.2. Sonochemical Technique

All samples were subjected to ultrasonic processing carried out at the Advanced
Materials Laboratory of the Center for Research and Development of Functional Materials—
Health Division—CEPID/FAPESP in a Sonics VCX-750 (SONICS Vibra Cell™, Newtown,
EUA) brand model, with 750 W power and 20 kHz frequency, with 5 min pulses and
variable amplitude up to 70% of the Sonics equipment nominal amplitude (450 W/cm2).
The 45S5 bioglass samples were divided into equal parts, one part consisting of functional-
ized bioglass in the absence of the drug, which was called group BG, and the other part
consisting of bioglass subjected to functionalization processing associated with the drug
teriparatide, which was identified as group BGT. The relative concentration in mass was
55 g/L determined in the initial stages of the process, using the hormone PTH 1-34 (Lilly
France S.A.S, Fegersheim, France), 45S5 bioglass in the form of powder, and Milli-Q water.

2.3. Characterization Biomaterial

The surface topography of the samples was analyzed by the scanning electron mi-
croscope (SEM) (JEOL/JSM-5310, Tokyo, Japan) with “Field Emission Gun” (FEG) was
used (Tescan/Vega 3, Brno, Czech Republic) before and after the functionalization of
the samples. The images were obtained on the SEM with a secondary electron (ES) de-
tector, projected on the sample surface. The original magnifications used were 10,000×,
20,000×, 50,000×. The functional groups on the surface of the particles were identified by
analyzing them using the Fourier transform infrared spectrophotometry (FTIR) (Parkin
Elmer, model Spectrum GX) in UATR mode, installed at the Associated Laboratory of
Sensors and Materials of the National Institute for Space Research (LAS/INPE), in the
middle region 500–4000 cm−1, 32 scans and 4 cm−1 resolutions using the Spectrom Search
Plus program (PerkinElmer, Waltham, MA, USA). Energy-dispersive analysis was per-
formed to map the elements using Bruker Nano GmbH 410, (Berlin, Germany) and Espirit
1.9 software (Bruker, Berlin, Germany) associated with SEM (Inspect S50, FEI Company,
Brno, Czech Republic). The values of the Zeta potential of the bioglass were obtained using
the dynamic light scattering equipment, Stabino Control 2.00.23, (Particle Metrix GmbH,
Meerbusch, Germany) installed at the Research and Development Institute of the University
of Vale do Paraíba (UNIVAP). The bioglass powders were dispersed in deionized water
(pH 5.0), and the measurements were performed at 25 ◦C at an angle of 15◦. To calculate
the zeta potential from the mobility values, the Smoluchowski equation was used, with
values of the refractive index, dielectric constant, and water viscosity at 25 ◦C.
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2.4. In Vitro Experiment

The mesenquimals cells (hMSC) were obtained from the femurs of nine ovariec-
tomized female Wistar rats (Rattus norvegicus) as previously described by
Zhang et al. [50]. After cleaning the femurs, in the laminar flow, the bone marrow
cells were isolated and inserted in cell culture flasks of 250 mL and 75 cm2 (TPP, Biosys-
tems, Curitiba, Brazil) with essential alpha MEM medium culture (Gibco) supplemented
with 10% Bovine Fetal Serum (SBF) (LGC Tenchology, Campinas, Brazil) and gentamicin
(500 μg/mL) (Gibco) and were incubated in an oven at 37 ◦C, with atmospheric hu-
midity containing 5% carbon dioxide (CO2). The culture medium was changed every
three days, and the progression of the culture was evaluated by inverted phase mi-
croscopy (Microscope Carl Zeiss—Axiovert 40C, Oberkochen, Germany). After con-
fluence (approximately seven days), cells were released enzymatically [51] and plated
at a density of 1 × 104 viable cells in each well of the 96-well microplate (Transwell,
Corning/Costar, New York, NY, USA).

Before plating, samples were weighed on a semi-analytical precision scale (BEL Engin
Mark, model 210A) at 0.022 g. Subsequently, these samples were sterilized in UV light and
placed inside the wells. In the wells of the control group, only cells were plated. Then,
osteogenic culture medium was added to the plate. The final volume of the osteogenic
medium was 250 μL per well, which was changed every 48 h.

After these procedures, all plates were incubated at 37 ◦C with 5% CO2 and kept until
the tests. All tests were performed according to ISO 10993-5 [52] and in triplicate, with each
isolation being a pool of cells from the femurs of three animals.

2.4.1. Cell Adhesion

After 3 and 5 days of cultivation, cell morphology was evaluated by FE-MEV (Field
Emission Scanning Electron Microscopy) (Zeiss—EVO MA10, São Paulo, Brazil) at the
Dental Materials and Prosthesis Research Laboratory of ICT/Unesp. The samples were
coated with a thin layer of gold using a sputter-coating system. The samples were placed
on the stub (aluminum platform), aided by a double-sided carbon tape (3M, Sumaré,
Brazil), and metallized with a thin layer of gold by sputtering in the metallizing ma-
chine (EMITECH K550X, Sputter Coater, Quorum Technologies, Lewes, UK) for a pe-
riod of 130 s. The images were obtained by SEM with a secondary electron detector in
several magnifications.

2.4.2. Cell Viability (MTT)

After the periods of 3 and 7 days, a quantitative assessment of live cells was performed,
after exposure to the toxic agent by incubation with the MTT [3-4,5-dimethylthiazole
bromide] (Sigma Aldrich, St. Louis, MO, USA), and the formazan crystals were dissolved
by adding 100 μL of dimethyl sulfoxide solvent (Sigma-Aldrich) to each well. The plates
were shaken at room temperature to dissolve the crystals, and the absorbance was measured
spectrophotometrically at 570 nm (Micronal AJX 1900). Results are expressed accepting the
absorbance of the negative control as indicating 100% viability.

2.4.3. Protein Content Determination and ALP Assays during hMSC Differentiation

The total protein content was calculated in two different periods, 3 and 7 days, to
assess whether the biomaterial accelerates the production of cellular proteins or not. This
measurement was performed according to the modified method of Lowry [53]. The ab-
sorbance was measured spectrophotometrically at 680 nm (Micronal AJX 1900). The
alkaline phosphatase (ALP) activity was determined by releasing thymolphthalein by
hydrolysis of the thymolphthalein substrate, using a commercial kit according to the manu-
facturer’s instructions (Labtest Diagnostic), in the same periods of the total protein, using
the same lysates. The absorbance was measured in a spectrophotometer (Micronal AJX 1900)
at 590 nm.
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2.4.4. Formation of Mineralization Nodules

After 12 days of culture by staining Alizarin S2% red (Sigma-Aldrich, St. Louis, Brazil),
pH was measured to be 4.2. Specifically for this test, microplates with the presence of a
Transwell net (Transwell, Corning/Costar, New York, NY, USA) were used. The red dye
from Alizarin S was used to stain areas that are rich in calcium. This test was used to
assess whether there was an acceleration in the production and calcification process of
the cellular matrix and to characterize mesenchymal stem cells as osteoblasts due to the
production of mineralized matrix. The quantification of calcium in mineralized formations
was performed according to the method described by Gregory et al. [54]. The absorbance
was measured in a spectrophotometer (Micronal AJX 1900) at 405 nm.

2.5. Experimental Design In Vivo Study

This work was executed according to the ethical principles of experimentation (CON-
CEA) and approved by the local ethic committee (Processes numbers 10/2019) adopted
by the National Council of Control of Animal, and ARRIVE [55] was respected. Forty-five
female Wistar rats (Rattus norvegicus) (Central Vivarium of Unesp Botucatu, São Paulo,
Brazil) that were approximately 90 days old and 350 g in weight were used and kept in
cages with water ad libitum and diet. The animal was randomly divided into two groups,
with 30 rats having undergone bilateral ovariectomy (OVX) and 15 rats having undergone
simulated ovariectomy surgery (Sham). Thus, the experimental model adopted in the
present project consisted of estrogen-deficient animals in the OVX group [18,56–58]. In
each OVX and Sham group, critical 5.0 mm bone defects were made in the calvaries. For
biomechanical evaluation, OVX rats (n = 10) and Sham rats (n = 5) underwent 3.0 mm bone
defects on the right and left tibiae. All defects on the left side in OVX group were filled
with biomaterial—(a) functionalized bioglass (BG) and (b) functionalized bioglass with
10% teriparatide (BGT)—and the right sides were filled with clot. All defects on the sham
group were filled with clot. This distribution aimed to avoid the possible influence of one
material on the other resulting in 5 rats for each subgroup according to the period. After
2 and 6 weeks, the animals were euthanized and the bone repair area was evaluated through
histological, histomorphometry, immunohistochemical, and biomechanical tests.

2.5.1. Bilateral Ovariectomy

For the induction of osteoporosis, forty rats were subjected to bilateral ovariectomy
(OVX). The rats were anesthetized with xylazine hydrochloride (Xylazine—Coopers, Brasil,
Ltd., Osasco, Brazil) and ketamine hydrochloride (Injectable Ketamine Hydrochloride,
Fort Dodge, Health Animal Ltd., Osaka, Japan) Additionally, they were then placed in
lateral decubitus to perform an incision of 1 cm (cm) on the flanks and the subcutaneous
tissue, and then the peritoneum was divided into planes to access the abdominal cavity.
Subsequently, the ovaries and uterine horns were located, which were cauterized using
the cauterizer (Cautermax-Fabinject®). Subsequently, the sutures were made in layers, all
using silk thread no3 (Ethicon/Johnson & Johnson, Blue Ash, OH, USA). Twenty rats in the
sham surgery group (Sham) underwent the same procedure, but only the surgical exposure
of the uterine horns and ovaries was performed without their respective cauterizations.

2.5.2. Surgical Procedure at Calvaria

After 60 days of the ovariectomy (OVX) and simulated ovariectomy (Sham) proce-
dures, the same rats were subjected to the manufacture of critical bone defects in the calvaria.
The animals were weighed and anesthetized with a solution of xylazine hydrochloride
2.3 g/100 mL (Anasedan®, Vetbrands, Jacareí, Brazil) and ketamine hydrochloride
1.16 g/10 mL (Dopalen®, Vetbrands, Jacareí, Brazil).

After the anesthesia of the animals, the surgical sites were subjected to trichotomy and
antisepsis with an iodized alcohol solution. A linear incision of approximately 3.5 mm was
performed with a scalpel blade number 15 in the region corresponding to the medial face of
the calvaria. The tissues were divulsed to expose the calvaria cortices, in which the 5.0 mm
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defects were made under abundant and continuous irrigation with physiological solution
to prevent heating due to the friction of the drill with the bone. To obtain the critical defect,
a 5.0 mm diameter drill was used. The defects on the left side in the OVX group were made
with (a) bioglass (BG) or (b) bioglass associated with 10% teriparatide (BGT), and on right
side, they were filled with clot. In the sham group, the defect was filled only by clot. For
the stabilization of the material in the surgical site of the defect, a larger-diameter biological
membrane (GenDerm®) was positioned at the bone defect site. In all defects, the tissues
were repositioned, and the layers were sutured with no3 silk thread (Ethicon/Johnson &
Johnson). Again, iodized alcohol antisepsis was performed. After surgery, the rats were
placed in mini-isolate of the ventilated rack and monitored until the euthanasia deadline.

2.5.3. Macroscopic Evaluation of the Uterus and Exfoliative Cytology

Euthanasia was performed within 2 and 6 weeks with an overdose of the drugs used
for anesthesia, administered intramuscularly. Overdoses 4 times greater were used to
ensure that the animal did not return consciousness. In addition, to prove the effect of
ovariectomy, the macroscopic aspect of the uterine horns of the rats of the Sham group and
of the rats of the OVX group was observed, and the estrous cycle was assessed.

2.5.4. Histological and Histomorphometric Analysis

The calvaries were removed, cleaned, and placed in a 10% formaldehyde solution
for 48 h. Then, the samples were placed in a solution of ethylenediaminetetraacetic acid
(EDTA Titriplex III, EMD Millipore, Burlington, MA, USA) for demineralization for about
60 days. The parts were checked regularly, and when demineralization was found, the
pieces were sectioned longitudinally in the center of the bone defect of the calvaria, inserted
in plastic cassettes, and placed in a tissue processor (Leica TP1020, Wetzlar, Germany) for
later inclusion in paraffin. Then, semi-serial sections 5.0 μm (μm) thick were obtained,
which were stained with hematoxylin and eosin (HE), and 3.5 μm sections that were
extended on silanized slides for immunohistochemistry analyses. In the descriptive histo-
logical analysis, aspects of the development of bone repair were observed to evaluate the
formation of granulation tissue, bone neoformation, the arrangement of immature bone
trabeculae, and bone maturation until final remodeling. The morphometric analysis of the
bone neoformation was realized with five slices from each animal stained with hematoxylin
and eosin. Stained sections were examined by light microscopy under 5× objective lenses,
and images were obtained with a Microscope Zeiss Axioskop 40 (Carl Zeiss) and analyzed
with software Image J (Image Processing and Analysis in Java, NIH, Bethesda, MD, USA)
by two calibrated and blinded examiners using a light microscope.

2.5.5. Immunohistochemistry Analysis

The slides were prepared for immunohistochemical reactions by blocking endogenous
tissue peroxidase by incubation with 6% hydrogen peroxide and methanol. Antigenic
recovery for osteocalcin was performed by heating it in a glass vat containing 10 mMph
6.0 citric acid in the microwave (700 w) for 2 min; after heating, the slides were placed
in the vat with citric acid heated for 40 min. Then, the primary antibodies were incu-
bated, which occurred according to the dilution at 1:100 overnight and at a temperature
of 4 ◦C. Subsequently, the incubation with the secondary antibody (Universal LSAB TM
Kit/HRP, Rb/Mo/Goat—DAKO) was carried out for 30 min at room temperature, the
biotinylated anti-goat secondary antibody produced in donkeys (Jackson Immunoresearch
Laboratories) was used, and the amplifiers selected were avidin and biotin (Vector Labora-
tories, Burlingame, CA, USA). The chromogen used was the diaminobenzidine solution
(Dako, Glostrup, Denmark). Subsequently, the cuts were stained with Mayer’s hema-
toxylin, dehydrated in ethanol, bleached in xylol, and mounted with Permount. Negative
controls were performed by replacing the primary antibody with bovine serum albumin
(BSA), and positive controls were performed as suggested by the manufacturers of the
primary antibodies.

74



J. Funct. Biomater. 2023, 14, 93

For the analysis, a standardized photo of each slide was performed, with a ×40
magnification of the region of the interface between the bone defect and the old bone, to
observe the expression of the osteocalcin (OC) and RankL. Evaluations were performed
on the edges of the defects in both periods by means of visual evaluation and were made
by the same evaluator in blind conditions. For qualitative analysis, immunostaining for
cells was considered [59–63]: (a) (−) = negative; (b) (+) = positive; (c) (++) = superpositive;
(d) (+++) = hyperpositive. After the qualitative analysis, semi-quantitative analysis was
carried out by converting the scores into percentages: 0% to negative, 20% to positive, 60%
to superpositive, and 90% to hyperpositive. A higher percentage reflected an increase in
the number of cells stained positively by diaminobenzidine in the area.

2.5.6. Surgical Procedure at Tibiae

After 60 days of the ovariectomy and sham procedure, 20 rats were again anesthetized
using the same technique and submitted to the surgical procedure for making the critical
defect. With a carbide bur, a critical size defect of 3.0 mm in diameter was performed under
copious irrigation with 0.9% sodium chloride. Critical bone defects in the left tibiae of
OVX rats were filled with BG or BGT. On the right side, clot stabilization (control) was
expected. The Sham group was filled with clot. The flap was repositioned and sutured
with #4 silk thread (Ethicon/Johnson & Johnson). Two weeks after surgery, the animals
were euthanized, and the tibiae were submitted to a three-point flexion test to verify the
influence of the biomaterial on the mechanical property of the newly formed bone tissue.

2.5.7. Biomechanical Properties

After euthanasia, the tibiae were kept in Ringer’s solution at –20 ◦C, until the moment
in which the analyzes were performed in the Research Laboratory in Dental Materials and
Prosthesis of the ICT/Unesp. To carry out the test, each specimen was placed centrally,
along its length, on a support containing two supports (15 mm from each other), with
its anterior face facing downwards. The load was applied transversely along the long
axis of the tibia on its posterior face at a midpoint between the two supports. The load
application support and the supports used had a cylindrical shape with a diameter of
3 mm. The test was conducted on a universal testing machine (Emic®—model DL 200 MF,
Testing Equipment and Systems Ltd., São José dos Pinhais, Brazil), which provided a force of
50 kg/F with a constant application speed of 5.08 mm/min until specimen failure.

2.6. Statistical Analysis

All statistically analyzed tests were submitted to the Kolmogorov–Smirnov normality
test, and homogeneity of the results was observed (p > 0.05). To analyze the Zeta poten-
tial in the characterization of the material, the data were analyzed by one-way ANOVA
(p < 0.05). Data from in vitro tests and histomorphometry and immunohistochemical analy-
sis were analyzed by two-factor ANOVA (p < 0.05), considering the period and biomaterial
analyzed as variables, and the data are presented as mean value ± standard deviation.
The biomechanical evaluation was carried out within only 2 weeks, so it was submitted
to one-way ANOVA (p < 0.05). When necessary, they were submitted to Tukey’s post hoc
test. All tests were performed using the GraphPad Prism 6.0 software (GraphPad Software,
San Diego, CA, USA) and for all statistical tests, a significance level of 5% and a power of
80% were adopted.

3. Results

3.1. Sample Characterization

Based on Figure 1, it was possible to observe that the surface of the 45S5 bioglass with-
out functionalization presented particles of geometric shapes and right angles compatible
with the morphological characteristics of glassy materials (Figure 1(A1,B1). The agglom-
eration of the glass particles could also be observed due to less surface energy. However,
the functionalized bioglass (BG) and functionalized bioglass groups were associated with

75



J. Funct. Biomater. 2023, 14, 93

10% teriparatide (BGT). Additionally, Figure 1(A2,A3,B2,B3) show particles with rounded
angles and more solubilized, suggesting that the surface was attacked chemically by the
process of functionalization.

Figure 1. Micrographs of the surfaces of materials. Images obtained by SEM-FEG: (A1) 45S5 Bio-
glass group increase of 20,000 times (scale bars = 2 μm); (A2) BG group increase of 20,000 times
(scale bars = 2 μm); (A3) BGT group increase of 20,000 times (scale bars = 2 μm); (B1) 45S5 Bio-
glass group increase of 50,000 times (scale bars = 1 μm); (B2) BG group increase of 50,000 times
(scale bars = 1 μm); (B3) BGT group increase of 50,000 times (scale bars = 1 μm).

Figure 2 shows three FTIR spectra corresponding to the 45S5 bioglass, functionalized
bioglass (BG), and functionalized bioglass groups associated with 10% teriparatide (BGT).
The sample composition before and after the functionalization of the bioglass in the absence
of the drug has chemical bonds that formed networks characteristic of the bioglass. It is
then possible to confirm, by means of the infrared spectroscopy technique, the presence of
bands that represent the bonding groups of BO (Si-O-Si), phosphate (PO4), and carbonate
(CO3) bonds and non-oxygen bridge bonds NBO (SiO-Ca2+ O-Si and SiO-Na+ O-Si) in all
groups. It was observed that there was a small reduction in the relative intensity of the
NBO bands in the functionalized material in the presence of the drug teriparatide (BGT)
when compared to the other samples and the presence of bands in the amide group (C=O)
consisting of bonds between carbon and hydrogen (CH); nitrogen and hydrogen (NH); and
carbon, oxygen, and nitrogen (CON) (1660 cm−1) in this group. The changes in the control
of bands around 1000 cm−1 and 1500 cm−1 occurred by overlapping the medication bands
with those of the bioglass. The carbonate group (CO3−) showed no significant change in
any of the groups.

The samples, when evaluated by EDS, show the presence of chemical elements that
make up the 45S5 bioglass. Mainly, energy peaks characteristic of the elements calcium (Ca),
silicon (Si), and oxygen (O) were observed in the bioglass 45S5 and BG groups (Table 1), as
well as the presence of Ca and P in all groups. Meanwhile, samples that were functionalized
with the drug teriparatide exhibited sodium peaks (Na) as the main element and decreased
Si element. Furthermore, the presence of the chemical element gold (Au) was not observed
in the particles of the 45S5 bioglass group. Particles in the graph in Table 1 the chemical
element gold (Au) were not observed.
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Figure 2. Fourier Transform Infrared Spectrophotometry results.

Table 1. Energy-dispersive analysis (EDS).

EDS Groups
O

(Wt%)
Na

(Wt%)
Ca

(Wt%)
Si

(Wt%)
Au

(Wt%)
P

(Wt%)
C

(Wt%)

45S5 bioglass 47.8 ± 0.2 11.7 ± 0.1 12.7 ± 0.1 11.3 ± 0.1 0 1.6 ± 0 0
BG 45.2 ± 0.2 10.5 ± 0.1 13.9 ± 0.1 9.8 ± 0.1 2.5 ± 0.2 1.4 ± 0 16.6 ± 0.2

BGT 49.8 ± 0.2 24.4 ± 0.2 9.7 ± 0.1 6.5 ± 0.1 6.2 ± 0.3 3.4 ± 0.1 0

Mean and standard deviation values of measures’ percentage of mass (Wt%).

All samples in Zeta potential test demonstrated the surface reactivity of the parti-
cles. The values obtained in the functionalized bioglass particles with the presence of
10% teriparatide (BGT) showed a higher magnitude (p < 0.05; One-way ANOVA, Tukey’s
test) (Figure 3). The 45S5 bioglass showed fewer functional groups, whereas the functional-
ized groups had an equivalent number of functional groups, since there was no statistical
difference in the samples.

Figure 3. Values of mean and ± standard deviation of the Zeta potential (mV).
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3.2. In Vitro Analysis

After 3 and 5 days of culture, the samples were analyzed by scanning electron mi-
croscopy (SEM) to show the cellular interaction on the materials (Figure 4). In this analysis,
it was evidenced that all the samples allowed cell spreading. Although the materials exhib-
ited irregular macrostructures and reveal a rough surface with many pores and reduced
coalescence between the particles, it was possible to observe cellular extensions permeating
the particles of the material.

Figure 4. SEM images of cells adherent to the biomaterial: (A) BG group in the period of 3 days
with an increase of 10,000 times; (scale bars = 10 μm); (B) group BG in the period of 5 days with an
increase of 650 times (scale bars = 200 μm); (C) BGT group in the period of 3 days with an increase of
3000 times (scale bars = 50 μm); (D) BGT group within 5 days with an increase of 7000 times
(scale bars = 20 μm).

In the period of 3 and 7 days, the groups did not show statistically significant differ-
ences (p > 0.05). When performing the analysis between the periods, it was verified that the
BG and BGT groups in the 7-day period differed statistically from the BG group and the
control group in the 3-day period (p < 0.05), presenting the cell with the highest viability
value. The results are shown in Figure 5A.

Within the evaluated periods, cellular metabolic activity was verified in all groups.
In both periods, the mean value of the total protein amount was higher in the bioglass
group associated with the drug teriparatide 10% (BGT), but within 3 days, there were no
statistically significant differences (p > 0.05) between the groups analyzed. In the 7-day
period, there was also no statistical difference between the BGT and the BG group (p > 0.05),
but there was statistical difference with control group (p < 0.05). It was possible to observe
that all experimental groups (BG and BGT) had a statistically significant increase in the
largest period analyzed when compared to the period of 3 days (p < 0.05), while this fact is
not observed in control group. The results are shown in Figure 5B.
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Figure 5. Results obtained through performing in vitro tests. Graphics represent mean values and
(±) standard deviation. (A) Cell viability (Percentage %) after three days and seven days; (B) total
protein content (OD—690 nm) after three days and seven days; (C) alkaline phosphatase activity
(OD—580 nm) after three days and seven days. Letters represent results from Tukey test multiple
comparisons; different superscript letters in-dicate significant differences (p < 0.05).

In the same lysates from the analysis of total protein content, ALP was measured. In
the period of 3 days, the activity of ALP showed no statistical difference from the other
groups. It was found that in the 7-day period, the experimental groups showed higher
mean values of ALP when compared with the same groups in the period of 3 days, but it
also did not differ statistically (p > 0.05). Between the periods evaluated, there were no
statistically significant differences between any groups (p > 0.05). The results are shown in
Figure 5C.

After 12 days of cell culture, the formation of mineralization nodules was observed
in the experimental groups. It was observed that the quantification of calcium in nodule
formation (Figure 6) was greater in the functionalized bioglass group (BG), differing
statistically from the control group and BGT group (p < 0.05). Figure 6 represents the
nodules formed in the wells of the experimental groups.

3.3. Bone Repair Analysis

In the 2-week postoperative period, there was no evidence of inflammation or infection
at the surgical site. Microscopically, the pieces evaluated had longitudinal sections of the
calvaria of the rats where the biomaterials were positioned. The extremities of the surgical
sites contained newformed bone tissue showing bulky osteocytes and connective tissue
with the presence of spindle cells. The analyzed period of 2 weeks showed signs of bone
tissue remodeling with the proliferation of bone trabeculae from the ends of the bone cortex,
close to the region where the material was positioned (Figure 7). This bone showed bulky
osteocytes within wide gaps and osteoblasts, arranged in rows around the disorganized
trabeculae, and it was also possible to verify the presence of the biomaterial in the areas that
contained thicker connective tissue. Specifically, in the experimental groups incorporated
with the drug teriparatide (BGTO), the area of the bone defect stands out, with the presence
of a thicker connective tissue showing a large amount of blood vessels, while in the other
groups, the presence of loose connective tissue and little inflammatory infiltrate (Figure 8).
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Figure 6. Quantification of calcium in mineralization nodules (OD-405 nm) after 12 days.
(A) Graphics represent mean values and (±) standard deviation. Letters represent results from
Tukey test multiple comparisons; different superscript letters indicate significant differences
(p < 0.05); (B) representation of the formation of mineralization nodules. Cells were stained with red
alizarin S to visualize formed calcium deposits. Original magnification ×20 (scale bars = 20 μm).

Figure 7. Histological section of the group BGO and BGTO 2 and 6 weeks. Asterisk in the newly
formed area. Arrow: black in the delimitation of the critical defect. HE is staining; original magnifica-
tion ×10 (scale bars = 50 μm).
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Figure 8. Histological section of the clot group at 2 and 6 weeks. Asterisk in the newly formed area.:
Black arrow in the delimitation of the critical defect. HE is staining, original magnification ×10
(scale bars = 50 μm).

In the period of 6 weeks, it was possible to notice that there was still no closure of
the defect with bone tissue in any evaluated group; in addition, it was observed that a
large part of the biomaterial had already been reabsorbed, with the concentration of bone
formed in the stump areas. In these areas, more mature bone tissue was present, with
evident Havers canals and lamellae that contained osteocytes within gaps, also arranged in
concentric rings. It is possible to observe the presence of compact bone next to the residual
biomaterial. The connective tissue is denser and there is a large amount of thicker collagen
fibers when compared with groups in the period of 2 weeks. Based on data from descriptive
statistics, when considering the influence of the critical-defect filling materials and the
periods, the ANOVA-two-factor test of variance was performed, followed by the Tukey
multiple comparison test. The results comparing the measured values of the newly formed
area between the groups and periods analyzed are shown in Figure 8A. Therefore, when
the analysis among the groups from the same period occurred, it was concluded that in
both the period of 2 weeks and 6 weeks, there were no statistically significant differences
(p > 0.05), while when comparing the periods analyzed, statistically significant differences
(p < 0.05) were observed between all groups in the 2-week period with the BGTO6 group.

The highest maximum force values were observed in the BGTO group, that is, ovariec-
tomized animals with bone defect filled with bioglass functionalized with teriparatide. This
group exhibited a statistically significant difference from the other groups (p < 0.05). All
other groups did not differ from each other (p > 0.05) (Figure 9B).

Immunomarking of osteocalcin was concentrated at the edges of the defects in both
periods. In all analyzed groups, osteocalcin immnunomarking was observed next to
the mineralized bone matrix, being more observed in the later period (6 weeks) of bone
neoformation (Figures 10 and 11).
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Figure 9. Graphics represent mean values and (±) standard deviation. (A) Results obtained by
performing bone neoformation in vivo test analyzed at two times: 2 and 6 weeks; Letters represent
results from Tukey test multiple comparisons; different superscript letters indicate significant dif-
ferences (p < 0.05). (B) force parameter biomechanical test; (C) graph showing the distribution of
scores (in percentage) referring to the OC immunostaining pattern at 2 weeks and 6 weeks; (D) graph
showing the distribution of scores (in percentage) referring to the RankL immunostaining pattern at
2 weeks and 6 weeks.

Figure 10. Photomicrographs of the histological sections with positive markings for the polyclonal
antibody osteocalcin (OC) over a 2-week period. (A) CS, showing evident immunostaiing of cells
lining the bone tissue and tissue adjacent to the bone; (B) CO, positive immunostaining of OC
compatible with the beginning of the bone tissue healing process; (C) BGO, immunostaining of OC in
adjacent tissue and few lining cells in bone tissue; (D) BGTO, osteocytes and lining cells in adjacent
tissue are marked by OC, showing few marked regions compatible with bone immaturity in this
period. Osteocytes were positive for OC labeling in all groups. Arrows indicate areas and label cells
immunomarked by osteocalcin. Original magnification ×40 (scale bars = 20 μm.)
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Figure 11. Photomicrographs of the histological sections with positive markings for the polyclonal
antibody osteocalcin (OC) over a 6-week period. (A) CS, immunostaining osteocalcin with min-
eralized bone matrix; (B) CO, osteoblastic cells around the newly formed bone tissue; (C) BGO,
immunostaining of OC in cells in bone tissue; (D) BGTO, osteocytes within the gaps in the newly
formed bone tissue. Osteocytes and osteoblast were positive for OC labeling in all groups. Ar-
rows indicate areas and label cells immunomarked by osteocalcin. Original magnification ×40
(scale bars = 20 μm.)

The average values of cells immunomarked in percentage for osteocalcin demonstrated
that in the period of 2 weeks, there were no statistically significant differences (p > 0.05), but
the Sham and OVX clot groups showed higher mean values than other groups. However,
when observing the period of 6 weeks, the BGTO group showed a clear increase in cells
immunomarked by osteocalcin compared to the mean values of the period of 2 weeks,
but without showing statistical differences (p > 0.05). These results can be observed in
Figure 11C.

In the qualitative analysis it was possible to observe that osteocalcin (OC) was consid-
ered superpositive in the CS groups and positive in the CO group within 2 weeks, with
marking on the newly formed bone trabeculae, osteocytes, and in the extracellular matrix.
Meanwhile, the experimental groups expressed positive and sometimes negative markings
for osteocalcin (OC). The osteocalcin marking pattern indicated that the bone tissue in the
period of 2 weeks in the BGO, BGTO groups was immature when compared to the clot
groups (Figure 10). In the 6-week period, it was observed that the clot groups showed
superpositive marking for osteoblastic cells and osteocytes in the matrix. The same was
true of the experimental groups that were superpositive and positive, presenting areas
of the extracellular matrix expressing osteocalcin, as well as osteoblasts and osteocytes
(Figure 11).

In the qualitative analysis, within 2 weeks, the RankL immunostaining in the nucleus
of newly trapped osteocytes in the bone matrix neoformed in osteoblasts in the periphery
of the neoformed bone and in fibroblasts present in the connective tissue (Table 2). It was
possible to observe that the immunostaining of cells for RankL was considered superposi-
tive in the CO e BGTO group for a 2-week period, while the CS and BGO groups showed
less evident markings. It was observed that CO showed a reduction in immunomarked
cells in the connective tissue (Figure 12). Within 6 weeks, the presence of more mature
bone tissue can be observed, with smaller gaps of osteocytes presenting immunostaining
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in osteoblasts present in the osteoblastic rhyme of the newly formed bone, as well as in
some connective tissue cells for all groups, presenting for all experimental groups and the
CO-positive immunostaining group on the RankL scale (Figure 12). On the other hand,
the CS group within 6 weeks showed hyperpositive immunostaining for RankL, but more
evident markings were observed in the connective tissue and little marking in osteocytes
and osteoblasts was present in the matrix and in the periphery of the newly formed bone,
respectively (Figure 13). The result of the semi-quantitative analysis of the RankL biomarker
showed that the CO group had a higher mean value of immunomarked cells as a percentage
in the period of 2 weeks, however, without showing statistically significant differences
(p > 0.05) with the other groups. In the period of 6 weeks, again, there was no statistically
significant difference between the groups (p > 0.05), but the CS group had the highest mean
value of immunomarked cells, while the other groups showed a decrease in the number of
cells marked for RankL in this period (Figure 13).

Table 2. Scores of immunohistochemical Analysis established for experimental groups (OC and
RankL) at 2 and 6 weeks, showing: (+) = positive; (c) (++) = superpositive.

OC RankL

2 Weeks 6 Weeks 2 Weeks 6 Weeks

CS (++) (++) (+) (++)
CO (++) (++) (++) (+)

BGO (+) (+) (+) (+)
BGTO (+) (++) (++) (+)

Figure 12. Photomicrographs of the histological sections with positive markings for the polyclonal
antibody RankL over a 2-week period. (A) CS, immunostaining in the nucleus of osteoblasts in
the periphery of the neoformed bone and in fibroblasts present in the connective tissue; (B) CO,
immunostaining in the nucleus of newly formed osteocytes in the neoformed bone matrix; (C) BGO,
evident markings in connective tissue and in osteocytes and osteoblasts present in the matrix and
in the periphery of the bone neoformed; (D) BGTO, markings on osteocytes in the newly formed
matrix and less evident in the adjacent connective tissue. Arrows indicate areas and label cells
immunomarked by RankL. Original magnification ×40 (scale bars = 20 μm.)
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Figure 13. Photomicrographs of the histological sections with positive markings for the polyclonal
antibody RankL over a 6-week period. (A) CS, more evident markings on connective tissue and
little marking in osteocytes and osteoblasts present in the matrix and in the periphery of the newly
formed bone; (B) CO, positive marking on connective tissue and on cells from the periphery of the
neoformed bone; (C) BGO, connective tissue with evident RankL immunostained areas; (D) BGTO,
RankL immunostaining that is less evident in connective tissue and few osteocytes with evident
marking. Arrows indicate areas and label cells immunomarked by RankL. Original magnification
×40 (scale bars = 20 μm).

4. Discussion

One of the most prevalent postmenopausal diseases in the world is osteoporosis, a
public health problem that sometimes occurs due to estrogen deficiency [64]. However,
although it is known that osteoporosis causes an increase in bone loss, the specific mech-
anism of action of estrogen in bone tissue remains unclear [45]. In cases of individuals
who have chronic diseases associated with the need for bone repair, if necessary, it can be
difficult [65,66]. Therefore, there is a growing demand for biomaterials that have adequate
properties in relation to bone tissue and that can positively influence tissue regeneration,
improving biomechanical properties and accelerating the osteogenesis process [31,32,67,68].

One of the biggest challenges for the treatment of injuries resulting from osteoporosis is
the low availability of drugs with local action. In this context, recent advances have encouraged
the association of biomaterials and drugs as a local drug-release strategy [31]. According
to Kyllonen et al. [69] for the release and transport of the active drug, particles of different
sizes can be used; therefore, the drug is incorporated, absorbed, or associated with these
particles and thus is protected from the degradation from the environment until its release. In
a recent study by Mosqueira et al. [32], the authors concluded that the efficiency of the loading
of therapeutic agents in strontium-modified bioglass spheres, as well as the drug release
rates, were mainly influenced by the pore size of the particles, thus improving the osteogenic
potential of the mesenchymal cells of the bone marrow obtained from rats with osteoporosis.
In this study, bioglass particles were reduced to nanometer size for surface increase, as the
number of surface atoms increases dramatically as the particle size decreases [70], which
contributes to drug incorporation and release. In a study by Ajita et al. [71] the authors
demonstrated that nanostructured bioglass particles (37.6 ± 0.81 nm) had applications in
bone treatments, as well as materials that form the link between bone tissue, showing greater
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cell proliferation of mesenchymal cells from mice in bioglass dissolution products with
smaller particles.

Bioglasses are interesting biomaterials for use in bone repair, as they can stimulate
osteogenesis and angiogenesis [29,72,73], improving the adhesion, proliferation, and dif-
ferentiation of mesenchymal stem cells from stem cells into osteoprogenitor cells and
increasing the mineralization rate [74]. Furthermore, the main advantage of bioglass is
its ability to bond to bone tissue due to the formation of an interfacial layer of calcium
phosphate [22,75–78] As the understanding of the bioglass structure is directly associated
with the interaction mechanisms of the material with the fabric, the structural investiga-
tion of the particles was carried out through several characterization tests of the samples.
SEM-FEG results showed changes in the physical characteristics of the particles, in which
the functionalized groups had rounded edges and reduced sizes in relation to the bioglass
sample before the sonication process, changes that were characteristic of the functionaliza-
tion process [56]. The functionalization time of the sample is of paramount importance,
as the increase in the sonication period of the bioglass promotes a decrease in the size
of the particles and smoothing of the edges of the sample. The sonochemical technique
was recently used by the same research group in the evaluation of the local release of
PTH 1–34 functionalized to Biogran® in peri-implant bone regeneration in osteoporotic
conditions. The results obtained were promising for the osteoporotic group associated with
the drug compared to the other groups, with the peri-implant repair for osteoporotic bone
functionalized with PTH 1-34 similar to that of healthy bone [76].

While the FT-IR analyses indicated great structural similarity between the 45S5 bioglass
and BG groups, similar to the deconvolutions of the FTIR spectra in the study by Lee et al. [77],
who showed peaks associated with the structure of the bioglass, the BGT group was different,
showing bands from the standard amide group (1660 cm−1) of the teriparatide drug molecule.
This same band was observed in the study by Bahari Javan et al. [79]. A decrease in the
band of the group not bound to oxygen (NBO) can be observed; these bands are necessary
for the dissolution of the bioglass, which will result in the formation of a layer of apatite
hydroxycarbonate (HCA) on the surface of the material when in contact with fluids body or
aqueous media. It has been suggested that the decrease in the number of NBO bonds is due
to the hydrolysis of the bioglass, a process that leads to the formation of a silica network in
the topographic area of the material, as described by Fiume et al. [80]. The condensation stage,
at this moment of the sonochemical process, incorporates the drug teriparatide on the surface
of the biomaterial, which is confirmed by the presence of bands of amide groups in this group.
These observed changes may also be indicators of the incorporation of drugs in the silanol
groups (Si-OH) of the bioglass [31].

When analyzing the EDS results, it was possible to verify that all groups presented the
presence of Ca and P in these samples (Table 1), suggesting the presence of the formation
of calcium phosphate phases on the surface of the material, which did not suffer from
alterations in the presence of the drug teriparatide [81]. The electrical charge and protein ad-
sorption of the material are also closely associated with the understanding of the biological
interaction mechanisms of biomaterials with the tissue, so the analysis of the zeta potential
was performed with the objective of obtaining the surface electrical energy properties of the
biomaterial, where the zeta potential is influenced according to the medium in which the
particles interact. The greater the value of the zeta potential is in magnitude, the greater the
stability of the particles in the medium [82]. In this study, the 45S5 bioglass and the function-
alized groups exhibited surfaces with different surface charge properties; it was possible
through this test to observe that the functionalized groups presented greater amounts of
functional groups when compared to the 45S5 bioglass, and this characteristic provides a
favorable surface to cell adhesion that can cause greater protein adsorption [82,83].

Furthermore, for the development of a new biomaterial to be used in tissue regenera-
tion, it must be ensured that it does not present potential toxic effects when implanted in
the body and stimulates cell activity and differentiation. In the present study, the bioglass
was functionalized by the ultrasonic sonochemical technique associated or not with the
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drug teriparatide 10% and used to verify the behavior of osteoblasts when in contact with
samples of these biomaterials through cytotoxicity tests (MTT), total protein content, al-
kaline phosphatase activity, cell adhesion, and the formation of mineralization nodules,
verifying the influence of these materials on osteoblastic cells.

Cytotoxicity tests indicate the effects of samples on the viability of cultured cells and
is a predictor of potential toxic or non-toxic effects of biomaterials [84]. The results of the
MTT test showed that all samples were biocompatible with values above 70% for viable
cells in the two analyzed periods. In the present study, in the longest period of cell culture,
the experimental groups exhibited more attenuated means of cell viability, as observed by
Westhauser et al. [85], in which they evaluated the 45S5 bioglass associated with scaffolds
in mesenchymal cells (hMSC) and observed a decrease in cell viability over longer periods.
When the experimental groups were compared to the control group in relation to the total
protein content, it was possible to observe that the BG and BGT groups had higher mean
values in both periods; when statistically evaluating the groups and periods, it was possible
to verify that the BG and BGT in the period of 7 days showed statistical differences with the
control group of the same period and all groups in the period of 3 days (p < 0.05). This result
is plausible, since the synthesis of several proteins that make up the extracellular matrix is
influenced by the formation of a superficial layer of hydroxyapatite and silica present in
the bioglass, which is responsible for cellular bioactivity [86]. This is because carbonated
hydroxyapatite (HCA) is a bioglass dissolution product that positively interferes with the
production of extracellular proteins, while BGT, in addition to presenting the bioactivity
characteristics of bioglass, also presents the action of the drug teriparatide (PTH 1-34),
for which in previous studies it was demonstrated that its local release acts positively
on the influence of osteoblastic genes [39,87]. The expression of alkaline phosphatase
(ALP) showed no statistically significant intragroup differences (p > 0.05) regardless of the
period analyzed. ALP is important as it is one of the most reliable markers for osteogenic
differentiation [88]. Tsigkou et al. [89] demonstrated that embryonic stem cells of the
osteoblastic lineage in vitro start production and maturation after their cell differentiation,
expressing several important proteins for the formation of the extracellular matrix, such as
extracellular proteins, among them alkaline phosphatase (ALP), sialoproteins, collagenase
I, osteopontin, and osteocalcin. The bioactivity of the drug teriparatide on the ALP activity
of hMSCs indicated an increase in osteogenic differentiation of hMSCs and stimulation
of osteoblastic cell differentiation, both in the continuous release of teriparatide and the
pulsatile stimulation of the liberation of this drug [90].

Confirmation of the differentiation of mesenchymal cells (hMSCs) into osteoblastic
cells in samples from the experimental groups and the control group was performed by the
formation of mineralization nodules, as also observed by Rodrigues et al. [91]. This test is
used to assess whether there was acceleration in the process of production and calcification
of the cell matrix and characterizes the mesenchymal stem cells as osteoblasts, due to the
production of a mineralized matrix [88,92]. In the present study, the BG group presented
higher mean values, statistically differing from the other groups (p < 0.05). The result of
the BGT group may suggest that due to the action of the drug teriparatide, a parathyroid
hormone involving specific cellular receptors in osteoblasts and signaling pathways [93],
the reproduction of studies only in vitro did not favor the observation of this action of
the drug.

Therefore, for a better investigation of the ability to repair the critical defect in calvaria
filled with 45S5 bioglass functionalized with 10% teriparatide and considering that the
biomaterial can act positively on bone repair in conditions of osteoporotic bone injury, an
in vivo analysis was performed. The ovariectomy procedure was performed to suppress
the hormone estrogen in these animals. This methodology is already established and results
in increased bone loss [43,58,94,95]. This result is due to the production of inflammatory
cytokines, such as tumor necrosis factor alpha (TNF-α) from T cells and the production
of osteoclastic cytokines, which induce the uncoupling of bone formation in the face of
resorption; that is, bone formation does not follow the same pattern, i.e., the abundant
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rhythm of its reabsorption [96,97]. In in vivo studies, the success of ovariectomy can be
confirmed by changes in the animal’s estrous cycle [98], using exfoliative cytology as a
method of detecting changes in cell morphology during this cycle in the ovariectomized
animal [57,99]. In this study, the estrous cycle was evaluated, and it was possible to
observe in the vaginal smears that all ovariectomized rats remained in the diestrus phase,
confirming the hormonal alteration. According to Luvizuto et al. [58], the permanence
of the animal in this phase characterizes the presence of a hormonal state compatible
with hypoestrogenism.

In the present study, in the descriptive histological analysis in the period of 2 weeks,
the closure of the critical defect was not observed in any group; it was also possible to
observe the presence of few inflammatory cells, and in the animals that received the BGT
group, there was a large amount of granulation tissue, suggesting that the bioglass dissolu-
tion products and the influence of teriparatide on the critical defect were able to increase
cell recruitment [17]. For confirmation of cell recruitment, the evaluation was performed at
6 weeks. However, for a material to become promising to be indicated for tissue regen-
eration, it is expected that after this recruitment, there will be a gradual degradation of
the biomaterial with replacement by the original tissue [100]. In the period of 2 weeks, the
presence of newly formed bone tissue also occurred mainly in the regions of the stump
of the defect, observing many blood vessels and young fibroblasts in the experimental
groups. These results agree with the previous study by Day et al. [101], in which the
authors reported that 45S5 Bioglass® promoted increased secretion of vascular endothelial
growth factor (VEGF) in vitro and increased vascularization in vivo, suggesting that scaf-
folds containing Bioglass® can stimulate neovascularization, generating beneficial effects
for large tissue-engineering constructs. In the period of 6 weeks, in histological sections, it
was possible to observe that a large part of the biomaterial had already been reabsorbed.
However, the critical defect was not completely regenerated, and the neoformed areas
remained at the extremities of the defects in all groups. This result is similar to that reported
in the study by Auersvald et al. [102], in which critical defects were made in rat calvaria
using collagen sponges soaked in 20 μm of teriparatide as a filling biomaterial to evaluate
the local performance of the drug after 15 and 60 days. In both periods, the authors reported
that the newly formed bone was restricted to the limits of the defect without closure.

In the intragroup histomorphometric analysis over the period of 2 weeks, the groups
did not differ statistically (p > 0.05). Studies have shown that the local use of teriparatide
intermittently and subcutaneously resulted in an increase in the amount of newly formed
bone tissue [38,56]. Ozer et al. [42] also addressed the local use of teriparatide with
xenografts in rabbits and found that in periods of 4 and 8 weeks, the group with the
presence of the drug showed higher mean values of new bone formation. However, these
values were greater in the period of 8 weeks. Furthermore, in 4 weeks, the area and that of
the defect containing the material with the drug consisted of regions of interconnected bone
trabeculae, mainly at the edges of the defect, with loosely collagenized connective tissue,
as observed in our study. In the present study, during the 2-week euthanasia period, we
suggest that due to the high molecular weight of the teriparatide drug, there was a delay
in its total release, which may have impaired the pharmacokinetics [69,103]. Interferences
and limitations in the use of bioglass loaded with teriparatide were also reported in the
study by Frigério et al. [104] because the incorporation limited the osteoconductive effect
of Biogran®, and despite the beneficial effects of the drug, the results were less expressive
in these groups.

In the intragroup histomorphometric analysis, the neoformed area was greater in the
BGTO group in the 6-week period but did not differ statistically from the other groups in
the same period (p > 0.05). When the intergroup comparison was performed in the 2-week
and 6-week periods, it was observed that the BGTO group in the 6-week period statistically
differed from the BGO and BGTO groups in the 2-week period (p < 0.05), showing an
significant increase in bone formation in the area of the defect, thus confirming that the
osteoporotic bones of the calvaria are highly metabolically responsive to teriparatide
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treatment [105]. In the study by Gomes-Ferreira et al. [80], the functionalization with
PTH 1–34 in implants did not show a significant effect in healthy animals; however, it
played a favorable role when osteoporosis was present. It is possible to suggest that, when
evaluating tissue neoformation over longer periods, the total release of the drug and a
longer duration of its action in the repaired site can be observed. This slow, intermittent
release is interesting, as previous studies have shown that intermittent doses are effective
for the anabolic function of the drug [56,106,107].

To investigate the participation of proteins in the bone repair process, immunohis-
tochemistry with osteocalcin (OC) and Rank-L were performed. The immunoexpression
of osteocalcin (OC) was more evident in the late period (6 weeks) of bone neoformation,
since OC is a non-collagenous protein that participates in the maturation of the mineral
part of the bone. This fact has established the study of the maturity of osteoblastic cells,
which is a marker of late stages of osteoblastic differentiation [89,108,109]. This result
agrees with the study by de Oliveira et al. [39], who presented similar results with more
evident immunostaining in late periods of bone tissue repair. The action of the drug on the
cellular response in the OVX groups was favorable, since in the period of 6 weeks there
was a similarity in the average values of the percentage of immunostained cells for OC
in the BGTO group when compared to the CS group, which did not have the interference
of osteoporosis.

Considering that the OVX group has a deficiency in bone repair, there was an increase
in the marking of cells related to CO and BGO in a period of 6 weeks, showing that
treatment with the drug was able to increase the secretion of this non-collagen protein by
osteoblasts, improving osteogenic activity. Although favorable results were observed for
the BGTO group, the CS group presented higher or similar mean results when compared
to the OVX group, a result that may be comparable to that observed in the study by
Luvizuto et al. [58], in which the evaluation of bone repair in the alveoli of ovariectomized
rats showed mean values lower than those observed in the Sham group, even in animals
treated with raloxifene and estrogen. Another important aspect was the correlation with
the results of histomorphometry and histological analysis, which suggested greater bone
neoformation in the experimental groups containing the drug in ovariectomized animals,
which is confirmed by the increase in CO marking in this group at 6 weeks in comparison.
The results of this study also indicated that the cells present in the calvarial bone defects of
all groups were positive for RANKL, with the CO group having higher mean values than
the CS group. This was expected since osteoporotic bones undergo greater bone resorption
when compared to normal bones [40,110,111]. In the 6-week period, it was observed that
all groups showed a decrease in the mean values of the percentage of cells marked by
RANKL compared to the 2-week period, except for the CS group; this may be related to the
fact that the expression of bone markers can be altered by estrogen deficiency and present
interference from the evaluated biomaterial [112].

The drug’s ability to stimulate bone formation and increase bone mass and mineral
density [45,56,113] corroborate the results of the three-way flexion test points, which
demonstrated that maximum force (load/N) in the group of ovariectomized rats with
bone defects in tibias filled with bioglass associated with 10% teriparatide (BGTO group)
exhibited significantly higher values, statistically differing from the other analyzed groups
(p < 0.05), which promoted an increase in the biomechanical properties of newly formed
bone in rats with endocrine abnormalities when compared to normal animals. Studies
with the systemic use of PTH (1–34) for fractures in long bones confirm the increase in
mechanical resistance and the amount of newly formed bone [114–117]. A recent study by
Leiblein et al. [118] verified that the maximum force was increased in the biomechanical
tests performed in animals treated with PTH (1–34) when compared to animals that received
doses of simvastatin, alendronate, and strontium ranelate.

In summary, in our study, the results of the in vitro tests reiterate that the experimental
groups were favorable to the differentiation of undifferentiated cells from ovaritomized
rats into osteogenic cells. However, we suggest that in the in vivo study, it can be inferred
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that the calvaria bone has a slower healing process when compared to spongy bone, which
is because the calvaria has a smaller blood supply and a smaller amount of medullary
bone [119]. We suggest, therefore, that longer evaluation times are necessary to verify the
formation of a more mature bone tissue and that, despite this, the biomaterial presented
itself as a promising material for use in the bone repair of ovariectomized animals.

5. Conclusions

In view of the results obtained and within the experimental conditions of this research,
it was concluded that bioglass functionalized with the drug teriparatide 10% prove a
positive influence on cell behavior in vitro and bone neoformation in vivo. Additionally,
this study contributed to the knowledge of the interactions of osteoblasts with the surfaces
of functionalized bio-glasses thus contributing to greater safety in the use of bio-glasses
associated with drugs in the health area.

Although these initial results are promising, further studies are needed to evaluate
the effectiveness of PTH associated with these biomaterials in new regeneration strategies,
to provide additional information on the mechanisms necessary to assess the biological
performance of synergistic action between bioglass and the release of the drug teriparatide.
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Abstract: Background: Tissue engineering and cell therapy have been the focus of investigations
on how to treat challenging bone defects. This study aimed to produce and characterize a P(VDF-
TrFE)/BaTiO3 scaffold and evaluate the effect of mesenchymal stem cells (MSCs) combined with this
scaffold and photobiomodulation (PBM) on bone repair. Methods and results: P(VDF-TrFE)/BaTiO3

was synthesized using an electrospinning technique and presented physical and chemical properties
suitable for bone tissue engineering. This scaffold was implanted in rat calvarial defects (unilateral,
5 mm in diameter) and, 2 weeks post-implantation, MSCs were locally injected into these defects
(n = 12/group). Photobiomodulation was then applied immediately, and again 48 and 96 h post-
injection. The μCT and histological analyses showed an increment in bone formation, which exhibited
a positive correlation with the treatments combined with the scaffold, with MSCs and PBM inducing
more bone repair, followed by the scaffold combined with PBM, the scaffold combined with MSCs,
and finally the scaffold alone (ANOVA, p ≤ 0.05). Conclusions: The P(VDF-TrFE)/BaTiO3 scaffold
acted synergistically with MSCs and PBM to induce bone repair in rat calvarial defects. These findings
emphasize the need to combine a range of techniques to regenerate large bone defects and provide
avenues for further investigations on innovative tissue engineering approaches.

Keywords: bone repair; electrospinning; laser therapy; mesenchymal stem cell; PVDF scaffold

1. Introduction

Bone is a specialized connective tissue that exhibits great capacity to repair and regenerate
when damaged, which may be surpassed by the extension of the lesion, demanding further
interventions to achieve restoration in terms of content, anatomy and function [1–3]. The
concepts of tissue engineering and cell therapy have been extensively employed to investigate
and develop new approaches to treat challenging bone defects [4–8]. In this scenario, the
combination of biomaterials and cells offers a promising alternative to autogenous bone graft,
the current gold standard material [9,10].

Among a plethora of biomaterials, piezoelectric materials are of interest as they can
transduce electrical stimuli to physiological systems in response to events such as cell
migration and due to the susceptibility of bone cells to this property [11–13]. The piezoelec-
tric composite poly(vinylidene-trifluoroethylene)/barium titanate (P(VDF-TrFE)/BaTiO3)
favors osteoblast differentiation of human alveolar bone-derived cells compared with poly-
tetrafluoroethylene (PTFE) [14,15]. Additionally, the membrane of P(VDF-TrFE)/BaTiO3
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induces more bone formation than PTFE in calvarial defects of healthy and osteoporotic
rats [16,17]. Such beneficial effects on bone repair are due, at least in part, to the bone resorp-
tion inhibition triggered by P(VDF-TrFE)/BaTiO3 through the regulation of a microRNA-
34a/receptor activator of nuclear factor kappa B ligand (RANKL) circuit [18].

The good bone response to P(VDF-TrFE)/BaTiO3 composite made it a candidate to be
combined with cells to enhance bone repair. Mesenchymal stem cells (MSCs) combined with
a P(VDF-TrFE)/BaTiO3 membrane produce more bone repair than the membrane alone
when implanted in rat calvarial defects under healthy and osteoporotic conditions [19,20].
The increment in bone repair observed when cells and P(VDF-TrFE)/BaTiO3 were combined
suggests that fine-tuning the composite modification and cell response stimulation could
result in complete regeneration of the calvarial defect.

Considering bone tissue engineering, scaffolds are more suitable than membranes,
and an ideal scaffold should exhibit properties and an architecture that mimic the extra-
cellular matrix, creating a favorable environment for tissue growth [21,22]. Scaffolds can
be created using an electrospinning technique, which is a simple and low-cost method
of producing fibers at the micro and nanoscale that generate structures with increased
surface area based on the material volume [23,24]. Thus, this technique may be employed
to produce P(VDF-TrFE)/BaTiO3 scaffolds that may favor bone formation. Regarding
cell response stimulation, the use of inflammatory mediators, drugs and specific culture
conditions may increase the efficiency of MSCs in regenerative medicine procedures [25,26].
In this context, photobiomodulation (PBM) therapy acts on several signaling pathways
that regulate cellular events such as proliferation and differentiation, which are involved
in bone formation [27,28]. PBM therapy restores the osteogenic capacity of MSCs derived
from diabetic rats and enhances bone formation in rat dental alveolus filled with hydroxya-
patite [29,30]. Additionally, PBM increases bone repair in critical size defects treated with
either MSCs derived from dental pulp combined with hydrogel or MSCs from adipose
tissue combined with decellularized bone matrix [31,32].

Although MSCs can be combined with a P(VDF-TrFE)/BaTiO3 scaffold as well as
PBM therapy to enhance bone formation, the combination of these three approaches, cells,
scaffolds and PBM, is underexplored in the field of regenerative medicine. Thus, this study
aimed to synthesize and characterize a P(VDF-TrFE)/BaTiO3 scaffold produced using an
electrospinning technique and evaluate the effect of MSCs combined with this scaffold and
submitted to PBM therapy on bone repair.

2. Materials and Methods

2.1. Synthesis of the P(VDF-TrFE)/BaTiO3 Scaffold

The P(VDF-TrFE)/BaTiO3 (90/10, % in volume) composite was obtained by dissolving
the copolymer P(VDF-TrFE) (Arkema Piezotech, Pierre-Benite Cedex, France) dispersed in
N, N-dimethylformamide (DMF, Sigma-Aldrich, Saint Louis, MO, USA) and acetone (Synth,
Diadema, SP, Brazil) at a ratio of 7:3 at 50 ◦C in a water bath for 3 h. After the complete
dissolution of the copolymer, BaTiO3 powder (Sigma-Aldrich) was added to the solution.
The copolymer/solvent ratio was 20 g/100 mL. The resulting solution was homogenized
using an ultrasonic processor VCX 750 (Sonics & Materials Inc., Newtown, CT, USA) for
6 min in a water–ice bath. The solution was electrospun using a setup composed of a NE-
300 syringe pump (New Era, Farmingdale, NY, USA), adjusted to a flow rate of 1500 μL/h,
100 mm from the collector. The voltage applied to the needle (inner diameter of 1.20 mm)
was 12 kV using a high-power supply ES40P-5W (Gamma High Voltage, Ormond Beach, FL,
USA). The temperature was kept at 25 ◦C with 42% humidity during electrospinning and
the deposition time required to obtain scaffold plates with 0.6 mm in thickness was 30 min.
The fibers were collected on nonstick paper and maintained in a vacuum oven for 24 h at
30 ◦C to ensure that any residual solvent evaporated. Discs of P(VDF-TrFE)/BaTiO3 scaffold
were cut with a hole punch (5 mm in diameter) in liquid nitrogen bath to preserve the
three-dimensional structure on the edges. Prior to implantation, scaffolds were submitted
to ethylene oxide sterilization.

97



J. Funct. Biomater. 2023, 14, 306

2.2. P(VDF-TrFE)/BaTiO3 Scaffold Characterization

The fiber morphology was examined using scanning electron microscopy (SEM, Phe-
nom ProX, Thermo Fisher Scientific, Waltham, MA, USA). The fiber diameter was estimated
in the SEM micrographs using ImageJ software (National Institutes of Health, Bethesda, MD,
USA). The pore size distribution was evaluated via microtomographic (μCT) analysis using
the SkyScan 1172 system (Bruker-Skyscan, Kontich, Belgium) and the three-dimensional
reconstructions were generated using the NRecon Cluster software (Micro Photonics Inc.,
Allentown, PA, USA). The mean centric linear roughness (Ra) was measured in 5 locations
of 3 samples employing three-dimensional images generated by the Phenom ProX SEM
software. The elemental analysis was performed on two different areas of the scaffold
(fibers and particles) using energy-dispersive X-ray spectroscopy (SEM-EDS, Superscan
SSX-550, Shimadzu Corp., Kyoto, Japan) at an acceleration voltage of 20 kV, a working
distance of 8 mm and an integration time of 50 s. The P(VDF-TrFE)/BaTiO3 wettability was
assessed using a sessile Easy Drop Shape Analyzer (Krüss Scientific, Hamburg, Germany)
through contact angle measurements and compared with P(VDF-TrFE) and PVDF. The
contact angle was measured at 5 positions of 5 samples (n = 5) using 10 μL of deionized
water drop, immediately after drop placement, at 18 ◦C. Additionally, the contact angle on
P(VDF-TrFE)/BaTiO3 was measured at 5 positions of 5 samples (n = 5) every 10 min up to
40 min.

2.3. Evaluation of Bone Repair
2.3.1. Animals

This study involved 60 male Sprague Dawley rats weighing 150–200 g according to the
rules of the Committee of Ethics in Animal Research of the School of Dentistry of Ribeirão
Preto (Protocol # 0031/2021; date of approval: 11/10/2021).

2.3.2. Isolation and Culture of MSCs

MSCs were harvested from bone marrow of the femurs of 12 rats and cultured in non-
inducing culture medium until they reached 70% confluence, as previously described [20].
First-passage MSCs were enzymatically detached and directly injected into rat calvarial
defects, as described below. The culture medium was changed every 48 h.

2.3.3. Creation and Treatment of Calvarial Defects

Forty-eight rats were anesthetized with ketamine (75 mg/kg, intraperitoneal; Agener
União, Embu-Guaçu, SP, Brazil) and xylazine (6 mg/kg, intraperitoneal; Calier, Juatuba,
MG, Brazil) and a unilateral 5-mm-diameter defect was created using a trephine drill
(Neodent, Curitiba, PR, Brazil). Then, the defects were implanted with the scaffold and
the skin was sutured with mononylon 4.0 (Ethicon Ltd.a, São José dos Campos, SP, Brazil).
Two weeks post-calvarial defect creation and scaffold implantation, the animals were
randomly grouped (n = 12 per group) according to the treatment of bone defects: (1) only
the scaffold (Scaffold); (2) the scaffold combined with MSCs (Scaffold + MSCs); (3) the
scaffold combined with PBM therapy (Scaffold + PBM); and (4) the scaffold combined
with MSCs and PBM therapy (Scaffold + MSCs + PBM). The rats were anesthetized and
5 × 106 MSCs in 50 μL of phosphate-buffered saline (PBS, Gibco-Life Technologies) were
locally injected into each defect, except for those treated with the scaffold without cells,
which were injected with 50 μL of PBS (Gibco-Life Technologies). The PBM was based
on the local applications of gallium–aluminum–arsenide laser (GaAIAs, Photon III, DMC,
São Carlos, SP, Brazil) in continuous contact and punctual operation mode in four points
of the calvarial defect, one central and three equidistant around the defect. Irradiations
were performed immediately after, as well as 48 and 96 h post-injection, according to the
following parameters: wavelength: 808 nm, power: 40 mW, power density: 1.42 W/cm2,
energy density: 4 J/cm2, irradiation time: 3 s, energy per point: 0.12 J, and spot area:
0.028 cm2 [33,34]. Four weeks post injection, the animals were euthanized. The calvarias
were harvested and fixed in 10% buffered formalin to evaluate the newly formed bone.
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2.3.4. μCT Analysis

The μCT analysis was carried out by a single blinded operator using the SkyScan
1172 system (Bruker-Skyscan) and the three-dimensional reconstructions were created
using NRecon Cluster software (Micro Photonics Inc.) as previously described [19]. Bone
volume (BV, mm3), percentage of bone volume (BV/TV, %), bone surface (BS, mm2),
trabecular number (Tb.N, 1/mm), trabecular separation (Tb.Sp, mm) and bone mineral
density (BMD, g/cm3) were evaluated in the region of interest: the 5 mm diameter of the
calvarial defect [35].

2.3.5. Histological Analysis

After μCT analysis, undecalcified calvariae were dehydrated, embedded in resin (LR
White Hard Grade, London, UK) and sectioned using the Exakt cutting system (Exakt,
Norderstedt, Germany) to produce two sections per sample. The 150-μm-thick sections
were mounted on glass slides and polished to a thickness of 70 μm. The sections were
stained with Stevenel’s blue (Sigma-Aldrich) for 15 min at 55 ◦C and alizarin red (Sigma-
Aldrich) for 2 min at room temperature or toluidine blue for 20 min at room temperature
(Merck, Darmstadt, Germany). The images were obtained using a light microscope (Ax-
ioskop 40, Carl Zeiss Inc., Oberkochen, Germany) coupled with a digital camera (Axiocam
ICc3, Carl Zeiss).

2.4. Statistical Analysis

The wettability data from P(VDF-TrFE)/BaTiO3, P(VDF-TrFE) and PVDF (n = 5) were
compared by one-way ANOVA followed by Duncan’s new multiple range test and from
P(VDF-TrFE)/BaTiO3 over time (n = 5) by repeated measures ANOVA followed by Tukey’s
post hoc test. The data from morphometric parameters (n =12) were compared by one-
way ANOVA followed by Duncan’s new multiple range test and by Pearson’s correlation
coefficient. The data were expressed as mean ± standard deviation (p ≤ 0.05).

3. Results

3.1. P(VDF-TrFE)/BaTiO3 Scaffold Characterization

The electrospun P(VDF-TrFE)/BaTiO3 fibers were uniform and continuous, without
interruptions or beads along them (Figure 1A). It was possible to see particles as aggre-
gates uniformly distributed on the fibers (Figure 1B). The average fiber diameter was
1.10 ± 0.38 μm (Figure 1C). The pore sizes were distributed in four ranges, with approxi-
mately 50% of the pores ranging from 17.68 to 29.47 μm (Figure 1D), and the average Ra
was 0.869 ± 0.03 μm. The P(VDF-TrFE)/BaTiO3 scaffold was composed of C, F, O, Ba and
Ti regardless of the analyzed area, the fiber (Figure 1E) or the particle (Figure 1F). The
elemental distribution varied according to the area analyzed with a higher percentage of F
in the fiber (Figure 1G) and of C, Ba and Ti in the particle (Figure 1H).

The contact angle was lower on P(VDF-TrFE)/BaTiO3 compared with either P(VDF-
TrFE) or PVDF, and lower on P(VDF-TrFE) than PVDF (p < 0.001 for all comparisons)
(Figure 2A). The contact angle progressively decreased (p < 0.002 for all comparisons)
on P(VDF-TrFE)/BaTiO3 over time, but it is still possible to observe the drop even after
40 min (Figure 2B).
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Figure 1. P(VDF-TrFE)/BaTiO3 scaffold characterization. Macroscopic view ((A), inset) and scanning
electron microscopy of the P(VDF-TrFE)/BaTiO3 scaffold showing the fiber distribution (A) and
details of the fibers with particles (B). Distribution of the fiber diameter (C) and pore size (D) of the
P(VDF-TrFE)/BaTiO3 scaffold. Energy-dispersive X-ray spectroscopy of the P(VDF-TrFE)/BaTiO3

scaffold showing elemental composition of the fiber ((E), square in (B)) and the particle ((F), circle
in (B)), and elemental distribution of the fiber (G) and the particle (H). Scale bar: (A) = 80 μm;
(A) (inset) = 3.75 mm; (B) = 2 μm.
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Figure 2. P(VDF-TrFE)/BaTiO3 scaffold characterization. Wettability of the P(VDF-TrFE)/BaTiO3

compared with P(VDF-TrFE) and PVDF measured via the contact angle immediately after placing the
deionized water drop (A) and time course of the contact angle measured on P(VDF-TrFE)/BaTiO3 (B).
The data are presented as mean ± standard deviation (n = 5). Different letters represent statistically
significant differences among P(VDF-TrFE)/BaTiO3, P(VDF-TrFE) and PVDF ((A), a–c, p < 0.001) and
time ((B), a–e, p < 0.002).

3.2. Evaluation of Bone Repair

The three-dimensional reconstructions indicated more bone repair in defects treated
with Scaffold + MSCs + PBM followed by Scaffold + PBM, Scaffold + MSCs and Scaffold
(Figure 3A–D), and the morphometric parameters confirmed this finding (Figure 3E–J). The
BV was higher in defects treated with Scaffold + MSCs + PBM and Scaffold + PBM com-
pared with Scaffold (p ≤ 0.05) and showed a positive correlation with treatments (r = 0.482,
p = 0.001) (Figure 3E). The BV/TV was higher in defects treated with Scaffold + MSCs
+ PBM and Scaffold + PBM compared with Scaffold (p ≤ 0.05) and presented a positive
correlation with treatments (r = 0.482, p = 0.001) (Figure 3F). The BS was higher in de-
fects treated with Scaffold + MSCs + PBM compared with Scaffold + MSCs and Scaffold
(p ≤ 0.05). The BS was higher in defects treated with Scaffold + PBM and Scaffold + MSCs com-
pared with Scaffold (p ≤ 0.05) and exhibited a positive correlation with treatments (r = 0.584,
p = 0.001) (Figure 3G). The Tb.N was higher in defects treated with Scaffold + MSCs + PBM
and Scaffold + PBM compared with Scaffold (p ≤ 0.05) and showed a positive correlation
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with treatments (r = 0.523, p = 0.001) (Figure 3H). The Tb.Sp was lower in defects treated
with Scaffold + MSCs + PBM compared with Scaffold + MSCs and Scaffold (p ≤ 0.05). The
Tb.Sp was lower in defects treated with Scaffold + PBM compared to Scaffold (p ≤ 0.05) and
presented a negative correlation with treatments (r = −0.563, p = 0.001) (Figure 3I). The BMD
was higher in defects treated with Scaffold + MSCs + PBM compared with Scaffold + MSCs
and Scaffold (p ≤ 0.05). The BMD was higher in defects treated with Scaffold + PBM com-
pared with Scaffold (p ≤ 0.05) and exhibited a positive correlation with treatments (r = 0.579,
p = 0.001) (Figure 3J).

 

Figure 3. Evaluation of bone repair. Three-dimensional microtomographic reconstructions (A–D)
of bone formation in rat calvarial defects treated with P(VDF-TrFE)/BaTiO3 scaffold (Scaffold, (A));
scaffold combined with bone marrow-derived mesenchymal stem cells (Scaffold + MSCs, (B)); scaffold
combined with photobiomodulation (Scaffold + PBM, (C)); and scaffold combined with MSCs and
PBM (Scaffold + MSCs + PBM, (D)). Morphometric parameters bone volume (BV, (E)), percentage
of bone volume (BV/TV, (F)), bone surface (BS, (G)), trabecular number (Tb.N, (H)), trabecular
separation (Tb.Sp, (I)) and bone mineral density (BMD, (J)) evaluated in the region of interest, the
5 mm diameter of the calvarial defect. The data are presented as mean ± standard deviation
(n = 12). Different letters (a–d) represent statistically significant differences among the treatments
((E–J), p ≤ 0.05). Scale bar: (A–D) = 2.50 mm.

The histological sections stained with Stevenel’s blue and alizarin red showed the pres-
ence of bone in the edges of the defects and in close contact with the scaffold, irrespective
of the treatments (Figure 4A–I,K,M,O). The newly formed bone exhibited characteristics of
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healthy tissue with areas of immature and lamellar bone, and the presence of osteoblasts,
osteocytes and blood vessels, without signs of adverse reactions. Multinucleated giant
cells were observed in close contact with the scaffold in histological sections stained with
toluidine blue in all of the evaluated groups (Figure 4J,L,N,P).

 

Figure 4. Evaluation of bone repair. Light microscopy of bone formation in rat calvarial de-
fects treated with P(VDF-TrFE)/BaTiO3 scaffold (Scaffold, (A,E,I)), Scaffold + MSCs (B,F,K),
Scaffold + PBM (C,G,M) and Scaffold + MSCs + PBM (D,H,O). Multinucleated giant cells were
observed in close contact with the scaffold surface in all defects, irrespective of treatment (J,L,N,P).
Stevenel’s blue and alizarin red (A–I,K,M,O) and toluidine blue (J,L,N,P) staining. Squares in
(A–D) are represented in (E–H). Scale bar: (A–D) = 1.25 mm; (E–H) = 200 μm; (I,K,M,O) = 50 μm;
(J,L,N,P) = 20 μm. bv = blood vessel; ct = connective tissue; ib = immature bone; lb = lamellar bone;
mgc = multinucleated giant cell; ob = osteoblast; oc = osteocyte.

4. Discussion

Treating large bone defects still represents a significant clinical challenge in orthopedics
and oral and maxillofacial surgery, and several strategies focused on tissue engineering
and cell therapy have been proposed to manage this issue. As scaffolds, cells and PBM
therapy effectively favor bone repair, a synergistic effect is expected when combining them
during bone formation. Here, we synthesized a P(VDF-TrFE)/BaTiO3 scaffold using an
electrospinning technique with physical and chemical properties that make it suitable to be
employed in bone tissue engineering. Then, we demonstrated that the combination of this
scaffold with MSCs and PBM therapy is a good strategy to enhance bone formation in a rat
calvarial defect model.

Considering that biomaterials should promote a favorable environment for cell adhe-
sion and growth, the properties of scaffolds produced using an electrospinning technique
should affect these cell events, with a positive effect on bone formation. As expected,
the P(VDF-TrFE)/BaTiO3 scaffold was composed of C, F, O, Ba and Ti regardless of the
analyzed area; however, the elemental distribution varied with the fibers exhibiting a
higher percentage of F and the particles more C, Ba and Ti. The fiber diameters of the
P(VDF-TrFE)/BaTiO3 scaffold synthesized here are in the same range as a biodegradable
polyhydroxybutyrate composite that allowed MSC adhesion and spreading [36]. Regarding
the pore sizes, the majority ranged from 17 to 29 μm; this did not allow cell infiltration, since
MSCs vary from 18 to 30 μm [37]. Such characteristics could explain the bone formation
observed only on the P(VDF-TrFE)/BaTiO3 scaffold surface, making the increasing pore
size relevant to further investigations. The surface wettability is one of the most important
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factors determining cell adhesion. The contact angle on PVDF and P(VDF-TrFE)-based
materials is related to the hydrophobicity of fluorinated polymers, as alkyl and fluorinated
alkyl groups exhibit low interaction energy with water [38]. The contact angle on PVDF
was higher than on P(VDF-TrFE) due to the presence of free alkyl groups in the PVDF
structure. The addition of BaTiO3 reduced the contact angle thanks to its super-hydrophilic
characteristic [39]. The detected contact angle of 79◦ after 40 min suggests that the P(VDF-
TrFE)/BaTiO3 scaffold may favor cell adhesion, since effective adhesion occurs on surfaces
with water contact angles ranging from 40 to 80◦ [40]. Because the presence of nanoparticles
affects the thermal and mechanical properties of biomaterials, the addition of BaTiO3 may
have modified these scaffold features, potentially influencing the bone response [41]. Thus,
further characterizations of the P(VDF-TrFE)/BaTiO3 scaffold should consider the use of
molecular dynamics simulation, a low-risk/-cost approach compared with experimental
methods, to evaluate its thermal and mechanical properties [41,42]. Together, the features
of the P(VDF-TrFE)/BaTiO3 scaffold seem adequate for a biomaterial to be employed in
bone tissue engineering approaches.

Several studies have demonstrated the osteogenic potential of P(VDF-TrFE) com-
posites in different in vitro and in vivo models. P(VDF-TrFE)/BaTiO3 membrane favors
osteoblast differentiation compared with PTFE, and P(VDF-TrFE)/boron nitride nanotubes
promote differentiation of SaOS-2 osteoblast-like cells [14,15,43]. Additionally, P(VDF-
TrFE)/BaTiO3 membranes induce more bone formation than PTFE when implanted in
calvarial defects of either healthy or osteoporotic rats [16,17,44]. In agreement with these
findings, we showed that calvarial defects treated with the P(VDF-TrFE)/BaTiO3 scaf-
fold and PBS injection exhibit significant bone repair compared with defects without the
scaffold that were injected with PBS, which are generally filled with connective tissue as
previously demonstrated [45,46]. In addition to upregulating osteoblast differentiation,
P(VDF-TrFE)/BaTiO3 enhances bone formation by inhibiting bone resorption through the
regulation of microRNA-34a/RANKL crosstalk [18].

Although good results were observed in defects treated with the P(VDF-TrFE)/BaTiO3
scaffold, the combination of scaffolds and cells proved to be better in terms of promoting
bone repair. Indeed, polymer/hydroxyapatite scaffolds combined with MSCs were more
effective than the scaffold alone in the repair of rat calvarial defects [47,48]. Additionally,
P(VDF-TrFE)/BaTiO3 membrane combined with osteoblasts differentiated from bone mar-
row MSCs promotes more bone formation than the membrane alone in calvarial defects of
healthy animals; this was also true of MSCs in osteoporotic rats [19,20]. Corroborating these
findings, we demonstrated that MSCs combined with the P(VDF-TrFE)/BaTiO3 scaffold
resulted in more bone formation compared with the scaffold alone. As the cells stay in
the bone defect for approximately 25 days in an experimental model such as this one, the
increased bone repair induced by the presence of MSCs could be related to their ability to
home and integrate into damaged tissues and provide osteogenic and immunomodulatory
effects [19,49,50].

To increase the bone repair induced by the P(VDF-TrFE)/BaTiO3 scaffold combined
with MSCs, the PBM was employed as an adjunctive therapy, since its stimulatory effects on
host stem cell recruitment, osteoblast differentiation and bone formation have been demon-
strated in cell culture and animal models [51–53]. The combination of a collagen membrane
with PBM therapy using the same irradiation parameters employed here induced more
bone formation than the membrane alone in calvarial defects of osteoporotic rats [34]. In
keeping with this, our results showed that PBM therapy increases bone repair in defects
implanted with the P(VDF-TrFE)/BaTiO3 scaffold compared with non-irradiated defects.
Notably, PBM promoted slightly more bone formation than MSCs when combined with
the scaffold, although a non-statistically significant difference was detected. In contrast,
PBM did not affect bone repair in calvarial defects of osteoporotic rats implanted with
P(VDF-TrFE)/BaTiO3 membranes, which could be partially explained by the differences in
irradiation parameters. This supports the relevance of stablishing a precise protocol for
PBM therapy application [54].
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Different combinations of two out of these three approaches have been the subject
of several studies; however, the combination of all three—biomaterials, cells and PBM
therapy—is underexplored in the field of bone regeneration. The PBM application in
calvarial defects treated with adipose-derived MSCs encapsulated in methacrylated gelatin
hydrogels increased bone formation; this also occurred in defects treated with MSCs
from dental pulp encapsulated in an injectable BMP-4-loaded hydrogel [32,55]. Here, we
observed a progressive increment in bone formation which was confirmed by the correlation
between treatments for all evaluated morphometric parameters. This increase was greater
than that for defects treated with the P(VDF-TrFE)/BaTiO3 scaffold alone, peaking in defects
treated with a combination of the scaffold, MSCs and PBM. The BS and BMD significantly
increased, while Tb.Sp decreased when irradiation was applied in defects treated with the
scaffold and MSCs. This showcased the synergistic effect of these three elements on bone
repair, as the morphometric analysis considered only the bone tissue that formed on top of
the scaffold. The positive effect of PBM as an adjunctive therapy to increase bone formation
in calvarial defects treated with MSCs combined with P(VDF-TrFE)/BaTiO3 scaffold could
be related to the PBM capacity of regulating the osteogenic and immunomodulatory
potential of MSCs [29,56,57]. Although no histological differences were observed in the
new bone tissue regardless of the treatments, the presence of multinucleated giant cells in
contact with the scaffold suggests a foreign body reaction and calls for further investigations
on the capacity of these cells to degrade P(VDF-TrFE)/BaTiO3 [58].

We demonstrated the viability of synthesizing a low-cost P(VDF-TrFE)/BaTiO3 scaffold
using an electrospinning technique. We also showed that MSCs and PBM therapy acted
synergistically when combined with the P(VDF-TrFE)/BaTiO3 scaffold to promote bone
repair in rat calvarial defects. Indeed, this combination induced more bone formation than
the scaffold alone or in combination with either MSCs or PBM. These findings highlight
the need to combine different approaches to achieve complete regeneration of challenging
bone defects and find avenues for further investigations into innovative therapies in the
field of bone tissue engineering.
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Abstract: Temporomandibular disorder (TMD) is an umbrella term used to describe various condi-
tions that affect temporomandibular joints, masticatory muscles, and associated structures. Although
the most conservative and least invasive treatment is preferable, more invasive therapies should
be employed to refractory patients. Tissue engineering has been presented as a promising therapy.
Our study aimed to investigate trends and point out future research directions on TMD and stem
cells. A comprehensive search was carried out in the Web of Science Core Collection (WoS-CC) in
October 2022. The bibliometric parameters were analyzed through descriptive statistics and graphical
mapping. Thus, 125 papers, published between 1992 and 2022 in 65 journals, were selected. The
period with the highest number of publications and citations was between 2012 and 2022. China has
produced the most publications on the subject. The most frequently used keywords were “cartilage”,
“temporomandibular joint”, “mesenchymal stem cells”, and “osteoarthritis”. Moreover, the primary
type of study was in vivo. It was noticed that using stem cells to improve temporomandibular joint
repair and regeneration is a significant subject of investigation. Nonetheless, a greater understanding
of the biological interaction and the benefits of using these cells in patients with TMD is required.

Keywords: temporomandibular joint; temporomandibular disorders; stem cells; tissue engineering

1. Introduction

The collective term temporomandibular disorder (TMD) encompasses a set of hetero-
geneous musculoskeletal and neuromuscular conditions that involves the masticatory mus-
cles, the temporomandibular joint (TMJ), and/or the structures associated with them [1–3].
TMD is considered the main cause of non-dental pain in the orofacial region [1,2,4].

The prevalence of TMD varies between studies, depending on the studied population
and the chosen evaluation method. However, a recent study [5] pointed out that TMD
occurs in 31% of adults and the elderly. Another study showed that, although the prevalence
of TMJ is higher in women, this difference between females and males is only marginally
more significant [6].

The etiology of TMD is still controversial. However, studies show that its origin is
multifactorial, including biopsychosocial factors [7,8]. Risk factors that exert influence for a
few years before the manifestation of TMD signs and symptoms (predisponents) must be
taken into consideration, as well as those that act for the condition to develop (initiators)
and those that cause the continuation of TMD (perpetuators), making it difficult for the
outcome of the treatment [9,10]. TMD signs and symptoms are varied and can include
TMJ pain, masticatory muscle pain and/or fatigue, limited mouth opening, headache, joint
noises (clicking, popping, or crepitus), TMJ locking, otalgia, tinnitus, ear fullness, and
vertigo [9,10].

Due to the multifactorial etiology of TMD, several treatment strategies have been
adopted and the choice of these varies according to the degree of severity of the disorder [11].
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Preferably, more conservative methods have been chosen as the first line of treatment [12].
Among these, we can mention non-invasive ones such as patient education, pharma-
cotherapy, physiotherapy, interocclusal splints, prosthetic rehabilitation, and/or minimally
invasive such as arthrocentesis, hyaluronic acid injections, intra-articular injections of cor-
ticosteroids, platelet-rich plasma (PRP), oxygen–ozone therapy, and arthroscopy [11–14].
In some cases considered as severe, when patients do not respond to the conservative
treatments, more invasive and intra-articular surgical interventions are required [13,15].

From this perspective, tissue engineering with stem cells emerges as an interesting and
promising regenerative therapy strategy. Stem cells can be derived from two main sources,
which are embryonic stem cells (ESCs) and adult stem cells, including mesenchymal stem
cells (MSCs), the most widely used in TMJ [16]. The use of these cells occurs at the process
of repairing damaged tissues or those with impaired function, in order to replace and repair
their normal physiology, in addition to suppressing and modulating the inflammatory
process [11,15,17]. This would provide a decrease in painful symptoms, prevent progressive
degeneration of cartilage and subchondral bone, therefore favoring the reestablishment of
TMJ function [18].

Bibliometric studies are carried out to identify the existing knowledge on a given topic
quantitatively and qualitatively, to clarify research trends, as well as highlight themes that
are already obsolete and without relevance for the academic and scientific environment [19].
The quantitative data of these studies presents the intensity of research on the subject, such
as the authors, journals, and countries that have published the most about it. Also, the
number of citations and the impact they cause related to the quantity and quality of the
productions and the construction of the knowledge are to be mapped [20]. In addition,
bibliometric analysis can provide a current overview of a given subject and point out
suggestions for new topics to be addressed and researched to fill the gaps in existing
studies [19,21].

Bibliometric TMD mapping studies are already found in the scientific literature [12,22–24].
It was observed that they worked with the theme in general, sometimes selecting the most
cited articles in each period. Bibliometric studies on stem cells were also found; however,
these studies were focused on the mechanisms of action, characteristics, differentiation,
and cell signaling [25,26].

To the best of our knowledge, no previously published bibliometric study has investi-
gated the specific relationship of TMDs with the treatments currently used, nor with the
use of stem cells for that purpose. Thus, the present study aimed to investigate research
trends and indicate future directions for studies on TMD and stem cells.

2. Materials and Methods

A comprehensive search was performed on the main collection of the Web of Science
database on 23 October 2022. Scopus and Google Scholar were used to compare the number
of paper citations. Two independent researchers conducted the selection of articles, and
cases of disagreement were resolved via consensus. Articles dealing only with TMD and
stem cells were included, regardless of the TMD classification or the involved cell type.
There was no restriction regarding the year of publication of the articles or the language.
Nevertheless, as exclusion criteria, we considered letters to the editor, conference articles,
and studies without abstracts.

The search strategy used was elaborated with mesh terms related to the stem cells
and temporomandibular joint (Supplementary file S1). Titles, year of publication, author’s
name, number of citations, the density of citations, country, affiliations, abstract, journal’s
name, study design, and author’s keywords were extracted from papers and imported
into the program Microsoft Excel®and VOS viewer (CWTS, Leiden University, Leiden,
The Netherlands; https://www.vosviewer.com/ (accessed on 23 October 2022)). With the
VOS viewer, three images were generated: the first one was about the network of authors
who produced the most on the subject, in which each node represented an author. The
size and color of the nodes indicated the frequency of occurrence and to which group each
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author belonged. The links between each node showed the collaboration network between
the authors. Thus, the thickness and proximity between them indicated more frequent
collaborations. The second image is related to the articles’ country of origin. Each rectangle
showed a country, their size pointed to the publications’ frequency, each color represented
the period of greatest publication and the lines the collaboration networks formed between
them. Again, the thickness of these and the proximity between the rectangles indicated
more collaboration between countries. The third image is about the most cited keywords,
in which the more intense the color and the larger the font size of the letters, the greater the
occurrence density is. In contrast, the letters’ weaker colors and smaller font sizes indicate
a lower occurrence.

After selection, the articles were read in full to search for information such as the type
of stem cell used, tissue of origin of these cells, conditions caused in the TMJ, and pro-
posed treatment method and biomarkers used. The main findings of in vitro studies were
categorized according to cell origin, whether human or animal, the purpose of treatment,
and the differentiation of stem cells. The biomarkers were organized according to their
overexpression or inhibition, highlighting the possible influence of this result on TMD.

3. Results

The search carried out in WoS-CC resulted in 243 articles, of which 125 were selected
according to the eligibility criteria (Figure 1). The articles were organized according to
the year of publication, from the oldest to the most recent (Supplementary file S2). The
125 articles selected in our study received a total of 1321 citations in WoS-CC, 1366 in
Scopus, and 2103 in Google Scholar. It is worth mentioning that among the one hundred
twenty-five articles, seven were not found in Scopus [27–33], and one was not found in
Google Scholar [34].

Figure 1. Flowchart of the article selection process on TMD and stem cells.

The selected articles were published between 1992 and 2022. The oldest article, entitled
“The relationship of undifferentiated mesenchymal cells to TMJ articular tissue thickness”
by Bibb et al., 1992, [35] was published in the “Journal of Dental Research” and received
22 citations in WoS-CC (1.66%), 23 citations in Scopus (1.68%) and 43 citations in Google
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Scholar (2.04%). It aimed at evaluating the relationship between joint tissue thickness and
the existence of undifferentiated cells in the TMJs of young adults. This study showed
the beginning of investigations on the presence of stem cells in the joint region, which
was an essential step for experiments currently being carried out that aim to character-
ize, differentiate, and treat TMJ disorders with undifferentiated or already-differentiated
stem cells.

The most recent article, published in October 2022, was entitled “Stem Cells in
Temporomandibular Joint Engineering: State of Art and Future Perspectives” and was
published in the “Journal of Craniofacial Surgery” and received one citation in WoS-CC
(0.075%), one in Scopus (0.073%), and three citations in Google Scholar (0.142%) [11]. It is a
narrative review that brings several regenerative approaches to TMJs, including stem cell
therapy. The authors report the existence and ability to extract mesenchymal stem cells
from various tissues of the human body, including evidence of the ability of stem cells from
fibrocartilage to form bone tissue in animal studies.

The period in which the highest number of citations occurred was between 2012 and
2022 (n = 1.051; 79.56%). This was also the period when the highest number of articles
were published (n = 109; 87.20%) (Figure 2). The most cited paper (67 citations in WoS-CC,
5,07%) was by Wu et al. in 2014, entitled “The pilot study of fibrin with temporomandibular
joint derived synovial stem cells in repairing TMJ disc perforation” [36], and published in
the journal “BioMed research international” which deals with a pilot study for the use of
scaffold fibrin/chitosan hybrids and mesenchymal stem cells, to evaluate the repair of the
TMJ joint disc. Twelve articles received only one citation [11,18,28,37–45]. Ten articles were
not cited in Wos-CC [27,29,46–52].

Figure 2. Distribution of articles published annually on TMD and stem cells, as well as their citations
between 1992 and 2022.

A total of 65 journals were published on TMD and stem cells between the years 1992
to 2022. The ones that obtained the highest number of articles were the “Journal of Dental
Research” (n = 11; 8.8%), “Biomed Research International” (n = 5; 4%), and the “Inter-
national Journal of Molecular Science (n = 5; 4%). Among the studies published by the
Journal of Dental Research, five articles were in vivo studies that aimed to characterize
and stimulate stem cell differentiation [31,50,53–55]. Two were in vitro studies [56,57]
and one in vivo/in vitro [58]; they also studied the cell differentiation and gene expres-
sion outcomes. The other three articles were review papers and aimed to elucidate the
search for new therapeutic strategies for treating TMD and repair/regeneration of TMJ
tissues [17,46,59].
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The authors with the most significant number of articles on the subject can be seen in
Figure 3, which was elaborated considering a minimum of two publications per author. The
authors with the highest number of published articles are Zhang, M with eight (6.4%) and
Zhang, J with seven (5.6%). It was observed that these same authors shared co-authorship
in six articles, demonstrating great interaction between them. In addition, it was identified
that such authors corresponded with others from different research groups, such as YU, S
(n = six; 4.8%) and JIAO, K (n = five; 4%).

Figure 3. Network visualization of the authors who published the most on TMD and stem cells.

Regarding the countries of origin of the articles, 34 were identified in total. The country
with the highest number of published articles was China, with 61. The first publication
took place in 2005 and the country has led in the number of publications since 2010. In turn,
the USA ranked second, with 32 articles published from 1992 until 2022. Interestingly, the
USA led in the number of publications only in the years 1992 (n = 1), 2001(n = 1), and 2009
(n = 2); years in which China did not publish any articles about TMD and stem cells.

Specifically, when analyzing Figure 4, we can see that from 2017 to 2019, China had a
peak in publications, which led to a number of articles published. The USA also increased
the number of articles published between 2015 and 2017 but remained in second place.
Even so, Figure 4 shows that the US has the most connections with other countries, the
ten most important being: China (n = sixty-one), Germany (N = five), Canada (n = three),
Brazil (n = three), Finland (n = one), Israel (n = one), Saudi Arabia (n = one), and Japan and
Bosnia (n = one).

184 keywords were found on the 125 selected articles (Figure 5). In that image, the
warmest colors represent the highest occurrence of keywords in the articles. Thus, it
was identified that the most used were “cartilage” (n = 41; 4.42%), “temporomandibu-
lar joint” (n = 36; 3.88%), “mesenchymal stem cells” (n = 33; 3.56 %), and “osteoarthritis”
(n = 26; 2.80%). These words may be related to the most searched points of interest in the
analyzed theme.
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Figure 4. Countries with the highest number of articles published between 2010 and 2020.

 

Figure 5. Keyword density map. Words most frequently found in the 125 selected articles. The colors
indicate the citation density of the authors, ranging from blue (lowest density) to red (highest density).

In vivo studies (n = 51; 40.8%; 574 citations in WoS-CC), followed by an in vitro
study (n = 31; 24.8%, 274 citations in WoS-CC) and the literature review (n = 24; 19.2%,
234 citations in WoS-CC), were the three most frequent types of studies. Also, some papers
performed both types of study (in vivo and in vitro) together (n = 6; 4.8%, 56 citations in
WoS-CC). Clinical trial (n = three, twenty-three citations in WoS-CC), systematic review
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(n = three, twenty-five citations in WoS-CC), cohort (n = three, seventeen citations in WoS-
CC), case report (n = two, four citations in WoS-CC) and in situ (n = two, sixteen citations
in WoS-CC) were the least frequent types of studies, with 2.4%, 2.4%, 2.4%, 1.6%, and
1.6%, respectively.

Analyzing only the in vitro studies (n = 37; 30%), we observed that the mesenchymal
stem cells collected for culture and cell differentiation were obtained both from humans
and animals (Table 1). The sources of stem cells of animal origin were bone marrow stroma
(n = 14; 37.8%), fibrocartilage (n = 1; 2.7%), synovial fluid (n = 1; 2.7%), and myelomonocytes
(n = 1; 2.7%). As for human sources, the regions of origin were synovial fluid (n = 9; 24.3%),
bone marrow (n = 6; 16.2%), adipose tissue (n = 3; 8.1%), mandibular condylar chondrocytes
(n = 1; 2.7%), Wharton’s jelly (n = 1; 2.7%), and periodontal ligament (n = 1; 2.7%). After
collection, these cells were differentiated into chondrocytes (n = 16; 43.2%), osteoblasts
(n = 8; 21.6%), adipocytes (n = 7; 18.9%), neurons (n = 3; 8.1%), chondroblasts (n = 3;
8.1%), fibroblasts (n = 2; 5.4%), fibrochondrocytes (n = 2; 5.4%), osteoclasts (n = 1; 2.7%),
macrophages (n = 1; 2.7%), and synoviocytes (n = 1; 2.7%). These studies aimed to treat
osteoarthritis (n = 9; 24.3%), favor osteochondral neoformation/remodeling (n = 4; 10.8%),
prevent fibrous ankylosis (n = 2; 5.4%), prevent subchondral bone resorption (n = 1; 2.7%),
and treat anterior disc displacement (n = 1; 2.7%).

Table 1. Main findings of in vitro studies regarding the origin of stem cells, differentiated cell types,
and treatment purposes.

Characteristics of the In Vitro Studies Analyzed Absolute Frequency Relative Frequency (%)

Source of origin of mesenchymal stem cells

Animal origin

Bone marrow stroma 14 37.8
Fibrocartilage 1 2.7
Synovial fluid 1 2.7

Myelomonocytes 1 2.7

Human origin

Synovial fluid 9 24.3
Bone marrow 6 16.2

Adipose tissue 3 8.1
Mandibular condylar chondrocytes 1 2.7

Wharton jam 1 2.7
Periodontal ligament 1 2.7

Cell types differentiated from stem cells

Chondrocytes 16 43.2
Osteoblasts 8 21.6
Adipocytes 7 18.9

Neural 3 8.1
Chondroblasts 3 8.1

Fibroblasts 2 5.4
Fibrochondrocytes 2 5.4

Osteoclasts 1 2.7
Macrophages 1 2.7

Purpose of TMD treatment
Osteoarthritis 8 21.6

Osteochondral Neoformation/remodeling 4 10.8
Fibrous ankylosis 2 5.4

Bone ankylosis 2 5.4
Subchondral bone resorption 1 2.7

Joint inflammation 1 2.7
Anterior disc displacement 1 2.7
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Analysis of in vivo studies (n = 57; 46.3%) showed that mesenchymal stem cells were
collected from animals and humans (Table 2). Sources of animal origin were femoral bone
(n = 6; 10.5%), tibia (n = 4; 7%), ilium (n = 3; 5.2%), TMJ subchondral bones (n = 1; 1.7%),
synovial fluid (n = 1; 1.7%), condyle (n = 1; 1.7%) and glenoid fossa (n = 1; 1.7%). In
turn, the sources of human origin were umbilical cord (n = 2; 3.5%), dental pulp (n = 1;
1.7%), condylar cartilage (n = 1; 1.7%) and adipose tissue (n = 1; 1.7%). Such studies
aimed at treating osteoarthritis (n = 16; 28%), condylar cartilage defect (n = 5; 8.7%), joint
ankylosis (n = 2; 3.5%), unilateral excision of the condyle (n = 1; 1.7%), subchondral bone
deterioration (n = 1; 1.7%), hemimandible excision (n = 1; 1.7%), osteochondral defects
(n = 1; 1.7%), excision condylar head (n = 1; 1.7%), hemifacial microsomia (n = 1; 1.7%),
muscular or dental injuries such as anterior crossbite (n = 5; 8.7%), tension-responsive
muscle hypertrophy mechanical (n = 2; 3.5%), lateral pterygoid hyperfunction (n = 1; 1.7%)
and masseter myofascial pain (n = 1; 1.7%). In addition, age-related joint changes were
also analyzed, such as postnatal condylar growth (n = 1; 1.7%), postnatal craniomandibular
joint disc growth (n = 1; 1.7%), and condylar aging. (n = 1; 1.7%).

Table 2. Main findings of in vivo studies regarding the source of stem cells and TMJ disorders to
be treated.

In Vivo Studies Characteristics Absolute Frequency Relative Frequency (%)

Source of origin of mesenchymal stem cells

Animal origin 6 10.5
Femoral bone 4 7

Tibia 3 5.2
Ilium 1 1.7

TMJ subchondral bones 1 1.7
Synovial fluid 1 1.7

Condyle 1 1.7
Glenoid fossa
Human origin 2 3.5

The umbilical cord 1 1.7
Dental pulp 1 1.7

Condylar cartilage 1 1.7

TMJ bone changes

Osteoarthritis 16 28
Condylar cartilage defect 5 8.7

Joint ankylosis 2 3.5
Unilateral excision of condyle 1 1.7

Subchondral bone deteriorationn 1 1.7
Hemimandible excision 1 1.7
Osteochondral defects 1 1.7

Condylar head excision 1 1.7
Hemifacial microsomia 1 1.7

Malocclusions

Anterior crossbite 5 8.7

Muscles disorders

Muscular hypertrofy 2 3.5
Lateral pterygoid hyperfunction 1 1.7

Masseter myofascial pain 1 1.7

Age-related joint disorders

Condylar postnatal growth 1 1.7
Postnatal growth of Craniomandibular articular disk 1 1.7

Condylar aging 1 1.7
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Among the results obtained in our study, expressions and inhibitions of biomarkers
and their possible influence on different TMJ disorders were also analyzed (Table 3).

Table 3. The main biomarkers evaluated in selected studies, their expression or inhibition, and their
possible influence on TMJ disorders.

Biomarkers Expression/Inhibition Relationship

Ror2 Expression Induction of osteoclast formation
Tn-C Expression Chondrocyte formation
Sox9 Expression Chondrocyte formation/cartilaginous regeneration

Proteoglycan 4 (Prg4)-null Expression
Ectopic formation of mineralized tissues and

osteophytes in the articular disc, mandibular condyle
and glenoid fossa

TRPS1 Expression Participates in ATM development

Notch1 Inhibition Temporary delay in the progress of
cartilage degradation

TNF-α Expression Inflammatory factor that delays improvement
in osteoarthritis

IFN-γ Expression Inflammatory factor that delays improvement
in osteoarthritis

Adrb2 Expression Induces subchondral bone loss in osteoarthritis

HIF-1alfa Expression May induce stem cells to promote chondrogenic repair
of condylar cartilage and inhibit bone sclerosis

GDF11 Expression Inhibits chondrocyte adipogenesis
ki67 Expression Cartilaginous regeneration

FGF 18 Expression Cartilaginous regeneration

MicroRNA-29b Expression Increased subchondral bone loss and
osteoclast hyperfunction

Norepinefrina Expression Degenerative changes of the condylar subchondral bone

Osteopontina Expression Induction in the differentiation of chondrogenic and
osteogenic cells

Colágeno tipo I Expression Cartilaginous regeneration

Colágeno tipo II Expression Induction in the differentiation of chondrogenic and
osteogenic cells

Among the clinical studies (n = 3; 2.4%), two were carried out in adults and one in
children, with mesenchymal stem cells collected from the donor himself from regions of
the spinal cord (n = 1), from adipose tissues (n = 1), and neurogenic synovial membranes
(n = 1). The main objectives of these studies were to treat condylar hyperplasia (n = 1),
internal TMJ dysfunction (n = 1), joint ankylosis, and first arch dysplasia syndrome (n = 1).

Figure 6 represents the collection scheme, according to findings from clinical stud-
ies, in vitro and in vivo studies, and donor tissues, differentiation, and applicability of
mesenchymal stem cells.
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Figure 6. Stem cells scheme collection: source �, donor area �–�, differentiation �, mode of
application �-�, and receptor region of mesenchymal stem cells �. �: Human or animal sources.
�: Periodontal ligament. �: Dental pulp. �: Umbilical cord. �: Bone marrow. 	: Synovial fluid.
�: Adipose tissue. �: Mesenchymal stem cell. 
: Cell culture and differentiation. �: Osteocytes.

: Adipocytes. : Chondrocytes. : Injection.  Scaffold. : Temporomandibular joint.

4. Discussion

In recent years, studies indicated that using MSC is a promising strategy for treating
TMD [47,60]. It is because they are multipotent cells that can be extracted from different
sources such as bone marrow, the umbilical cord, muscle, adipose tissue, dermis, periph-
eral blood, liver, dental pulp, synovium, and synovial fluid of TMJ [16,61], in addition
to being able to differentiate into other cell types, such as adipocytes, osteocytes, and
chondrocytes [21]. Depending on the damage caused to the joint, stem cells can act in
tissue repair and regeneration, suppressing the inflammatory process and modulating the
immune system [17]. For example, in the initial stage of joint osteoarthritis, these cells have
a protective, homeostatic, and regenerative function, while in the more advanced stages,
they act by delaying tissue degeneration [62].

In our study, qualitative and quantitative analyses of the 125 selected articles on “TMD”
and “stem cells” were carried out. In general, we observed that the clinical and experimental
studies evaluated the action of mesenchymal stem cells collected from different sources
and their possible reparative/regenerating potential against various TMJ disorders. In vivo
and in vitro experimental studies were the main types found. The main donor sites were
sources for bone marrow stroma, femoral bone, tibia, and synovial fluid. Chondrocytes
and osteoblasts were the main cell types differed from stem cells for in vitro analysis. The
central TMJ joint disorder investigated regarding the role of stem cells was osteoarthritis
and, among muscle disorders, muscle hypertrophy. Joint modifications resulting from
age, such as postnatal condylar growth and condylar aging, were also analyzed within the
studies, as well as the evaluation of biomarkers, which, when expressed or inhibited, were
associated—or not—with TMJ disorders.

The main database used in our analysis was WoS-CC. This was the main database
chosen since it was designed to satisfy users in citation analysis and even provides graphic
images of the analyzed results [63]. Scopus and Google Scholar databases were used to
compare the number of citations. As already reported by other bibliometric studies [64,65],

118



J. Funct. Biomater. 2023, 14, 103

the database with the highest number of citations was Google Scholar. A possible expla-
nation for this result may be related to the fact that Google Scholar presents citations of
open-access books, thesis, dissertations, and online journals [65], journals that are not cov-
ered or not yet indexed by other databases, e-print archives, universities, or governmental
and non-governmental organization web sites [66].

Although we selected all articles on the subject available at WoS-CC, regardless of
whether they have citations, identifying studies with the highest number of citations is
essential, as these data suggest that it gives it greater relevance in the field of knowledge [67].
Moreover, the most cited articles can be considered classic articles, exerting more significant
scientific influence on the field and generating discussions about future research projections
in the area [68]. However, it is worth mentioning that the time of publication can strongly
influence the number of citations, since recently published studies do not have enough
time to reach a large number of citations [69].

Analyzing articles published in WoS-CC on TMD and stem cells over the years brought
some interesting findings. For example, even though the first article was published in
1992, only from 2008 onwards did the number of publications show regularity, with 2021
being the year with the highest number. In that year, in vivo studies were the majority
(n = 8) and highlighted the ability to repair bone defects and TMJ tissue regeneration when
treated with stem cells [39,41,42,53,70–73]. Such treatments were performed by injecting
stem cells into the TMJ or using scaffolds enriched with them, thereby promoting guided
tissue regeneration. A bibliometric study on artificial extracellular matrices showed a great
trend in research on stem cells in tissue engineering and pointed out that in vitro studies
are gradually being replaced by in vivo studies with a more clinical focus, justifying the
increase in this type of research [74].

In general, when measured over the years, the type of study that most prevailed was
once again in vivo (n = 51), followed by in vitro (n = 37, 30%). Such studies aimed at using
mesenchymal stem cells to treat various joint disorders of the TMJ, mainly osteoarthritis, a
disease characterized by chronic inflammation of the synovial tissue, as well as progressive
cartilage degradation and remodeling of the subchondral bone [75]. Osteoarthritis is
classified as articular TMD by the Diagnostic Criteria for Temporomandibular Disorders
(DC/DTM) [76], an essential diagnostic tool used by clinical dentists and researchers. The
prevalence of these studies contrasts with the epidemiological reality regarding TMD, since
TMJ osteoarthritis is a highly prevalent disease [77].

The most published authors were Zhang M (n = 8; 6.4%) and Zhang J (n = 7; 5.6%).
The two are part of the same team and share authorship in six articles whose central themes
refer to the consequences and treatment of joint osteoarthritis. These were in vivo studies
carried out with mice and published between 2014 and 2022. Interestingly, this was the
period in which there were more publications on the subject, and the articles in which the
authors shared authorship obtained a more significant number of quotes. As our study
is about a specific theme, TMD and stem cells, when we compare our results with other
bibliometric studies on each of these themes individually [23–26], the results are different,
and several other authors appear. This is probably because the themes are very broad and
cover classic studies, which have great impact, and were cited many times, serving as a
basis and guideline to determine clinical conducts or even research protocols.

In the present study, the country that most published on the subject was China, which
accounted for 61 published articles, reinforcing the result of other bibliometric studies
on stem cells, in which China also ranked first with 1247 and 899 articles published,
respectively [25,26]. Also, the USA obtained second place in these same studies, with 392
and 278 articles published, respectively. Our results indicate that despite having obtained
second place in the number of publications on the subject, the USA had the most significant
interaction with other countries. In a bibliometric study on TMD [24], the US leads in the
number of articles published, with China in 15th place. Another study, also on TMD [23],
again pointed to the USA being first place in the number of published articles and China in
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fourth place. A comparison between our results and the other cited bibliometric studies
seems to indicate that China only leads studies on TMD specifically related to stem cells.

Regarding keywords, they are used to facilitate the search for specific fields since the
increase in the occurrence of one of these words can help to understand the search trend on
a particular topic [12]. In our study, this analysis was performed using the density map, and
it was observed that the most frequent words related to TMD were cartilage (n = 41; 4.42%),
temporomandibular joint (n = 36; 3.88%), and osteoarthritis (n = 26; 2.80%). These words are
closely related to each other, as osteoarthritis is a type of TMJ disorder characterized by pro-
gressive cartilage degeneration, abnormal subchondral bone remodeling, and synovitis [78].
Given the complexity of the disease, the most used conservative treatments are aimed at
relieving symptoms [79]. However, the search for different treatments, such as those using
stem cells with the aim of promoting tissue regeneration in the case of osteoarthritis, has
recently grown [80], which may justify the search index on the field. Another bibliometric
study on the performance of publications and research trends in TMD [81] found that the
most frequent keywords were “orofacial pain”, “chronic pain”, “bruxism”, and “myofascial
pain”. These words are related, respectively, to the classification of TMD as an orofacial
and chronic pain; bruxism, which for years was confused with TMD, but is known to be
different and may or may not be associated; and myofascial pain, which is one of the main
types of muscular TMD.

Analyzing stem cells’ effects on TMJ tissues is crucial for understanding the forma-
tion and regeneration potential of such cell types on joint structures. Thus, it is worth
highlighting the growing number of studies to describe the action of specific biomarkers
in the natural development of healthy TMJ tissues or the presence of dysfunctions. In
our study, the main biomarkers studied among the 125 articles were Ror2, TnC, Sox9,
Protoglican4 (prr4) –null, TRPS1, Notch1, TNF-α, IFN-γ, Adrb2, HIF-1 alpha, GDF11,
Ki67, FGF 18, Micro RNA-29b, Norepinephrine, Osteopontin, Type I Collagen, and Type
II Collagen. Yang et al. [82] analyzing the Ror2 biomarker, found that its overexpression
increases osteoclastogenic activity and subchondral bone loss, indicating that its presence
is part of the formation process of bone defects in joint osteoarthritis. Other biomarkers
investigated were Adrb2, whose increased expression induced subchondral bone loss in
osteoarthritis [83], and Micro RNA-29b expression, which increases subchondral bone loss
and osteoclast hyperfunction [84]. The analysis of the biomarkers HIF-1alpha, Ki67, FGF
18, collagen type I, and type II demonstrated that their expression causes cartilaginous
regeneration through the induction and differentiation of chondrogenic cells. Further-
more, the inhibition of Notch1 promoted the temporary delay of the progress of cartilage
degradation [37,72,74,85].

Although it was not selected among the 125 articles, it is worth mentioning an interest-
ing recent article [86] that investigated the hypothesis that the polymorphism in the PAX7
gene would be associated with muscular TMD patients. As the authors explain, satellite
cells (SC) are skeletal muscle stem cells, activated in cases of muscle injury. However,
for them to be activated, growth factors must be present at the injury site, such as the
expression of the transcription factor PAX7 in the differentiation of muscle cells. When they
migrate to the site of injury, SCs also begin to express another myogenic regulatory factor,
MyoD (myogenic differentiation). Thus, in the process of the differentiation of SC cells into
myoblasts, there is an increase in MyoD expression and a reduction in PAX7 expression.
Based on this principle, the authors selected two polymorphisms of a single nucleotide
in the PAX7 gene (rs766325, rs6659735) and, as a result, they perceived that alterations
in PAX7 can influence the muscle pathophysiology, and the homozygous genotype (GG)
rs6659735 is apparently associated with the disorder muscle in individuals with TMD.

Another interesting point observed in the selected studies was that collecting stem
cells was easy and the various properties found in these cells make them the target of the in-
vestigation. The source depends on the ability of stem cells to differentiate, the modulation
of the immune and inflammatory response, and the power of paracrine communication [87].
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In our study, the primary sources of stem cells were dental pulp, periodontal ligament,
synovia, and synovial fluid.

Mesenchymal stem cells derived from dental pulp are easily accessible, as they can
be extracted from deciduous teeth naturally lost by children or third molars commonly
indicated for extraction [88]. These cells have excellent differentiation potential and can be
used to treat various tissues, including bones and cartilage [89]. Moreover, in dental-derived
stem cells, NURR1 downregulation favors osteoblastic differentiation, with the further
characteristic that these cells seem to possess an expression of stemness genes, such as the
transcription factors Kruppel-like factor 4 (Klf-4), octamer-binding transcription factor 4
(Oct-4), homeobox transcription factor Nanog (Nanog), associated with the maintenance of
self-renewal and multi-differentiation capacity and reported in MSCs of different origin,
confirming the great potential of dental-derived stem cells in tissue regeneration [90,91].
Due to these characteristics, several studies have been developed to investigate these
cells [92,93].

On the other hand, stem cells derived from the periodontal ligament are very potent
cells that exhibit properties similar to those of mesenchymal stem cells derived from bone
marrow, that is, they are clonogenic and have a high proliferative capacity and, specifically,
are capable of regenerating periodontal tissues [94]. In addition, they exhibit the capacity
for long-term survival, self-renewal, and show an ability to differentiate into specialized
cells and regenerate various functional tissues [95,96].

Stem cells derived from the synovium have a high power of proliferation and chondro-
genic differentiation. They can be extracted from tissue fragments removed in arthroscopy
and can adhere to the cartilage when in a favorable environment [86]. Following, the first
study on the characterization of cells derived from TMJ synovial fluid as stem cells was
carried out by Koyama et al. [97]. In this, the authors confirmed that human synovial fluid
is a good source of cells capable of differentiating into several other lineages, such as os-
teoblasts, chondrocytes, neurons, and adipocytes. Subsequently, Sun et al. [98] investigated
both cells derived from fragments of synovia and mesenchymal stem cells derived from
synovial fluid (SFCs) and identified that both SFCs can be induced to differentiate down
osteogenic, chondrogenic, adipogenic, and neurogenic lineages in vitro and that probably,
the intima is the most likely tissue origin of SFMSCs in the TMJ.

We also observed that some selected studies highlighted the benefits of an injection
of stem cells into TMJs affected by some type of experimentally induced dysfunction and,
for this purpose, each of these studies used different specific strategies, both to induce the
lesion and to promote the injection of the cells. With the objective of evaluating in vitro and
in vivo the effects of 20 minutes daily of low-intensity pulsed ultrasound (LIPUS) treatment,
El-Bialy et al. [99] carried out a pilot study using bone marrow stromal cells (BMC) isolated
from rabbits. These cells were expanded, differentiated into chondrogenic and osteogenic
lineages, inserted into biodegradable scaffolds and later implanted into the amputated
TMJ articular condylar defect. The results of this cited pilot study suggest that LIPUS
can enhance chondrogenic and osteogenic differentiation of BMSCs in vitro as well as to
enhance functional integration of these in vivo in rabbits. Zhang et al. [100] used a mouse
model of TMJ osteoarthritis to weekly inject green fluorescent protein-labeled exogenous
bone marrow stromal cells (GFP-BMSC) for 4, 8, and 12 successive weeks. They concluded
that BMSCs were able to repair damaged cartilage by increasing matrix production and
scavenging activity and by not increasing cell proliferation. Wang et al. [101] evaluated
in vivo and in vitro the effects of an injection of bone marrow mesenchymal stem cell
(BMSC)-derived small extracellular vesicles (BMSC-sEVs) on cartilage reconstruction with
a TMJOA model in rabbits and confirmed that the BMSC-sEVs may play an important
role in cartilage reconstruction in TMJOA via the autotaxin–YAP signaling axis. [49] also
analyzed in vitro and in vivo the effects of an intra-articular injection of MSCs by placing
these cells on the surface of TGFβ-loaded GelMA microspheres in a model of TMJ arthritis
bilaterally induced in rats. They concluded that BMSCs-coated microspheres can effectively
promote the repair and reconstruction of cartilage defects within the TMJ arthritis.
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It is worth mentioning that among the selected articles, one tested the effectiveness of
the intra-articular infiltration of autologous stem cells derived from adipose tissue in the
upper compartment of the TMJ in four patients Carboni et al [102]. This study focused on
verifying the results of this procedure regarding pain, joint noises, maximum mandibular
opening, and mandibular movements. The authors concluded that the results of this
preliminary study demonstrated that autologous stem cells derived from adipose tissue
were able to resolve the symptoms presented by the patients, as well as being effective
in restoring the structural anatomical integrity verified through the functional magnetic
resonance imaging (MRI).

Thus, when analyzing all the results of our study, it is observed that the use of stem
cells as a treatment strategy for TMD has been increasingly studied both in vitro and in vivo
due to a certain ease of obtaining (depending on origin), the capacity for cell proliferation
and differentiation and the regenerative potential of joint structures.

5. Conclusions

As far as we are concerned, this is the first bibliometric study that relates stem cells and
TMD. With regard to the metrics, we observed that among the selected articles, although the
first study was carried out in 1992, a more significant number of publications and citations
occurred between the years 2012 and 2022. Furthermore, although 34 countries produce
articles on the subject, China was in the lead, followed by the USA. The two authors
with the highest number of published articles shared co-authorship in several studies.
The main keywords found were “cartilage”, “temporomandibular joint”, “mesenchymal
stem cells”, and “osteoarthritis”, which were closely related to the topic and indicated
research trends in the area. When it comes to evaluating the knowledge produced, the
selected articles evaluated cells extracted from different sources regarding their potential
for differentiation and therapeutic intent. It was found that the most commonly used cell
type were mesenchymal stem cells, which have a high proliferative capacity and a high
power of differentiation into different cell types. In the selected studies, the main sources of
these cells were the dental pulp, the periodontal ligament, the synovium, and the synovial
fluid. In vivo studies were the most numerous, and this result possibly indicates a growing
interest in using these cells to treat refractory patients with TMD. Based on our findings, it
is suggested that future research in this area should be carried out in order to determine if
there is any type and/or subtype of TMD that would benefit more from the treatment with
stem cells, as well as if there would be any stage of development of TMD, i.e., more recent
or more advanced, in which the use of stem cells would provide greater morphological and
functional benefits to patients, consequently bringing benefits to their quality of life.
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Abstract: Strontium acetate is applied for dental hypersensitivity treatment; however, the use of
strontium carbonates for this purpose has not been described. The use of Sr-carbonate nanoparticles
takes advantage of both the benefits of strontium on dentin mineralization and the abrasive properties
of carbonates. Here in, we aimed to synthesize strontium carbonate and strontium-substituted calcium
carbonate nanoparticles and test them as potential compounds in active dentifrices for treating dental
hypersensitivity. For this, SrCO3, Sr0.5Ca0.5CO3, and CaCO3 nanoparticles were precipitated using
Na2CO3, SrCl2, and/or CaCl2 as precursors. Their morphology and crystallinity were evaluated by
electron microscopy (SEM) and X-ray diffraction, respectively. The nanoparticles were added to a
poly (vinyl alcohol) gel and used to brush dentin surfaces isolated from human third molars. Dentin
chemical composition before and after brushing was investigated by infrared spectroscopy (FTIR) and
X-ray dispersive energy spectroscopy. Dentin tubule morphology, obliteration, and resistance of the
coatings to acid attack were investigated by SEM and EDS. The cytotoxicity and ability of the particles
to trigger the mineralization of hDPSCs in vitro were studied. Dentin brushed with the nanoparticles
was coated by a mineral layer that was also able to penetrate the tubules, while CaCO3 remained as
individual particles on the surface. FTIR bands related to carbonate groups were intensified after
brushing with either SrCO3 or Sr0.5Ca0.5CO3. The shift of the phosphate-related FTIR band to a lower
wavenumber indicated that strontium replaced calcium on the dentin structure after treatment. The
coating promoted by SrCO3 or Sr0.5Ca0.5CO3 resisted the acid attack, while calcium and phosphorus
were removed from the top of the dentin surface. The nanoparticles were not toxic to hDPSCs and
elicited mineralization of the cells, as revealed by increased mineral nodule formation and enhanced
expression of COL1, ALP, and RUNX2. Adding Sr0.5Ca0.5CO3 as an active ingredient in dentifrices
formulations may be commercially advantageous since this compound combines the well-known
abrasive properties of calcium carbonate with the mineralization ability of strontium, while the final
cost remains between the cost of CaCO3 and SrCO3. The novel Sr0.5Ca0.5CO3 nanoparticles might
emerge as an alternative for the treatment of dental hypersensitivity.

Keywords: biomaterials; dental hypersensivity; dentin; mineralization; strontium-containing nanoparticles
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1. Introduction

Loss of dental structure related to diet, incorrect tooth brushing, aging, and occlusal
disorders, among other factors, can cause dental hypersensitivity. This disorder, which is
characterized by intense pain after osmotic, thermal, or chemical stimulus, affects up to
30% of the global population [1–8]. The hydrodynamic theory proposed by Brännström in
the 1960s explains that hypersensitivity is associated with dentin fluid reaching nerve fibers
located either inside or at the interface of dentin tubules, thereby triggering pain [3–6,9–11].
Several treatments have been proposed for hypersensitivity. Among them, the use of denti-
frices containing strontium acetate, arginine, potassium nitrate, or tin monofluorophosphate
fluoride as a desensitizing agent is the most common because they are relatively inexpen-
sive and can be applied at home [6,8,10,12–15]. Desensitizing agents can also be used to
prevent tooth erosion caused by ingestion of foods and drinks with acid pH, including
citrus fruits, wine, and fruit juice, or even by stomach pH deregulation [16–21].

Strontium, especially from water and food, is naturally incorporated into mineralized
tissues such as bone and teeth because Sr2+ can substitute Ca2+ in the apatite structure [22].
In this sense, Sr2+ is also associated with calcified tissue remineralization [2,22–26]. Stron-
tium chloride was the first strontium-based desensitizing agent to be applied in hypersen-
sitivity treatment [27,28]. However, there was no clinical evidence of the positive effects
of this compound as compared to the fluorides employed for the same purpose. Two
theories explain the positive effects of strontium during hypersensitivity treatment: (a)
incorporation of Sr2+ into vacant Ca2+ sites due to demineralization and reprecipitation of
strontium-apatite mineral [2,14,29–31]; and (b) precipitation of organic compounds of the
dental matrix and odontoblastic activation, to form a blocking layer that prevents liquids
from circulating inside dentin tubules [31]. Nowadays, dentifrices contain strontium as
the acetate salt [27,32], but other strontium-containing compounds have also been applied
for bone tissue remineralization. Strontium ranelate is one example, but its use has been
suspended almost worldwide due to some side effects, particularly those related to cardio-
vascular diseases [24]. In turn, strontium carbonate positively affects bone regeneration, so
it has been associated with a reduced risk of fracture in healthy and osteoporotic animal
models and with accelerated osteointegration of dental implants [33]. Despite these ad-
vantages, strontium carbonate has not yet been included in the formulation of dentifrices
yet [33–36]. Using strontium carbonate and strontium/calcium carbonate in dentifrices
would allow the well-known abrasive effect of calcium carbonate and the remineraliz-
ing and desensitizing properties of strontium to be combined. Moreover, compared to
strontium acetate, the lower solubility of strontium carbonate would prevent Sr2+ removal
from the dentin surface. For instance, Seong et al. have found augmented pain alleviation
in patients treated with potassium nitrate-mixed hydroxyapatite compared to the pure
potassium nitrate toothpaste, which is also a highly soluble salt [37].

More recently, the action of Sr2+ on dental mineralization at a cell level has also been
studied [38–40]. Martin-del-Campo et al. prepared 3D scaffolds containing strontium folate
embedded with human dental pulp stem cells (hDPSCs) as mineralizing cell models [39].
Cell differentiation to a mineralizing phenotype was stimulated by the presence of Sr2+.
The mechanisms of action of Sr2+ released from bioactive glasses on the proliferation and
differentiation of hDPSCs have been explained through the stimulus of the expression
of key odontogenic markers, including dentine sialophosphoprotein (DSPP) and dentine
matrix protein 1 (DMP-1) [38,40].

Here, we aimed to synthesize strontium carbonate and strontium-substituted calcium
carbonate nanoparticles and testing them as potential compounds in active dentifrices for
treating dental hypersensitivity. The use of nanoparticles allowed strontium deposition
on the dentin surface and penetration into dentin tubules, as well as tubule obliteration.
Moreover, the particles induced osteogenic differentiation of hDPSCs. Strontium carbonate
may promote dentin surface abrasion and remineralization simultaneously. The new
mineral coatings deposited at the dentin surfaces after the treatment were resistant to acid
attack.
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2. Materials and Methods

2.1. Materials

Dentin discs were prepared from third molar teeth from the tooth bank of the Dental
School (University of São Paulo, Ribeirão Preto, Brazil) after approval of the Ethics in
Research Committee of the same institute (06245218.2.0000.5419). To synthesize SrCO3 and
Sr0.5Ca0.5CO3 nanoparticles, calcium chloride, strontium chloride, and sodium carbonate
were acquired from Labsynth and used without further purification. Poly (vinyl) alcohol
(MW 9000–10,000, 80% hydrolyzed) was purchased from Sigma-Aldrich. All the aqueous
solutions were prepared with ultrapure deionized water from a Milli-Q filtration system
(resistivity 18.2 M·Ω·cm).

2.2. Methods
2.2.1. Preparation of Dentin Discs

To obtain 1 mm thick dentin discs, the third molars were sectioned at the cementoe-
namel junction; an acrylic template (Dencor®, Methyl Methacrylate, Artigos Odontológicos
Clássico Ltda, São Paulo, Brazil) was used as sample holder. The best dentin discs were se-
lected with the aid of a magnifying glass; discs containing tertiary dentin, caries, and cracks
were eliminated [41]. The dentin discs were cleaned in deionized water in an ultrasound
bath (ALTSonic Clean- ALT Equipamentos, Ribeirão Preto, Brazil) for 30 s. Then, the discs
were kept in 6 wt.% aqueous citric acid solution for 2 min to remove the dental slurry [41].
Next, the discs were immersed in deionized water and cleaned in an ultrasound bath for
10 min. After cleaning, all the discs were conditioned in 0.5 mL of artificial saliva [42] and
maintained at 37 ± 1 ◦C.

2.2.2. Synthesis of SrCO3, Sr0.5Ca0.5CO3, and CaCO3 Nanoparticles

SrCO3 nanoparticles were prepared by mixing 100 mL of 2.66 mol·L−1 aqueous SrCl2
solution and 100 mL of 1.06 mol·L−1 Na2CO3. The formation of a white precipitate
evidenced that a poorly soluble product assigned to SrCO3 was produced. The reaction is
depicted below:

SrCl2(aq) + Na2CO3 (aq) → SrCO3(s) + 2NaCl(aq) (1)

Sr0.5Ca0.5CO3 nanoparticles were obtained by mixing 100 mL of 1.33 mol·L−1 aqueous
SrCl2 solution and 100 mL of 0.73 mol·L−1 CaCl2. Then, 100 mL of 1.06 mol·L−1 aqueous
Na2CO3 solution was added to this mixture. The formation of a white precipitate evidenced
that a poorly soluble product assigned to SrCO3 was produced. The reaction is depicted
below:

1
2

SrCl2(aq) +
1
2

CaCl2(aq) + Na2CO3 (aq) → Sr0.5Ca0.5CO3(s) + 2NaCl(aq) (2)

CaCO3 nanoparticles were prepared by mixing 100 mL of 1.47 mol·L−1 aqueous CaCl2
solution and 100 mL of 1.06 mol·L−1 Na2CO3.

CaCl2(aq) + Na2CO3 (aq) → CaCO3(s) + 2NaCl(aq) (3)

All the reactions were carried out under vigorous stirring at 20,000 rpm for 10 min on
an Ultra Turrax® device (IKA® T18 basic, IKA® Works Brazil Ltda, Campinas, Brazil). The
solids were filtered, washed three times with deionized water for purification, and dried
under controlled conditions at 50 ◦C for 40 h before being characterized and applied in
further experiments.

2.2.3. Characterization of Nanoparticles

The crystalline structure of the SrCO3, Sr0.5Ca0.5CO3, and CaCO3 nanoparticles was in-
vestigated by X-ray diffraction (XRD) in a D2 PHASER, Bruker-AXS powder diffractometer,
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with CuKα as source (30 kV, 10 mA). The Crystallography Open Database (COD) was used
to index the peaks. The size and the charge of the nanoparticles dispersed in an aqueous
medium were investigated by dynamic light scattering (DLS) in a ZetaSizer Nano device
(Malvern, UK) equipped with a 580 nm laser at a scattering angle of 172◦. The morphology
of the gold-coated nanoparticles was studied by scanning electron microscopy (SEM) on a
microscope (Shimadzu SS-550, Kyoto, Japan) operating at 20 kV.

2.2.4. Preparation of Gels Containing Nanoparticles for Application on Dentin Discs

First, an aqueous gel containing 10 wt.% PVA was prepared by dissolving the polymer
in ultrapure deionized water under mechanical stirring at 90 ◦C. Then, 30 wt.% SrCO3,
Sr0.5Ca0.5CO3, or CaCO3 nanoparticles were added to this gel under stirring at 25 ◦C until
a homogeneous gel was obtained. The rheological behavior was analyzed with a Modular
Compact Rheometer MCR 52 (Antom-Paar GmbH, Graz, Austria) using the cone and plate
(CP50-1, 50 mm, angle 1◦) geometry. Steady-state flow measurements were carried out with
shear rates ranging from 1 to 100 s−1 at 25 ◦C ± 3. The samples presented pseudoplastic
behavior, and the apparent viscosity ranged from 2.2 up to 2.9 Pa.s (at 100 s−1) without
statistical differences.

2.2.5. Application of Gel Containing Nanoparticles to Dentin Surface by Brushing

A gel containing SrCO3, Sr0.5Ca0.5CO3, or CaCO3 nanoparticles (0.3 g) was deposited
on the surface of the dentin discs. Then, the discs were coupled to a mechanical brushing
simulator (Biopdi, São Carlos, Brazil) and positioned perpendicularly to the toothbrush
bristle under a force corresponding to 200 g. Each brushing cycle involved 40 movements
at the machine at a rate of 4.5 movements/s−1, in a total of 10 cycles/s−1. After brushing,
the discs were washed with deionized water for 10 s and immersed in artificial saliva at
37 ◦C for 4.5 h until the next brushing [16]. This procedure was repeated twice a day for
14 days. The discs were divided Into four groups, according to the nanoparticle that was
tested as a desensitizing agent, namely SrCO3, Sr0.5Ca0.5CO3, CaCO3, and Sr(CH3COO)2
(Sensodyne® Rapid Relief).

2.2.6. Resistance of Coating to Acid Attack

The resistance of the coatings deposited on the surface of the dentin discs was tested
under an acid attack promoted by immersing the discs in 3 mL of Coca-Cola® for 1 h
under slow stirring (50%) in a stirring table (Cintec, Ribeirão Preto, Brazil); the procedure
described by Olley et al. was followed [16]. After this procedure, the discs were washed
with deionized water for 10 s and stored in artificial saliva at 37 ◦C.

2.2.7. Chemical Characterization of Dentin Discs

Changes in the chemical composition of the dentin surfaces before and after brushing
with a desensitizing agent were followed by Fourier-transform infrared spectroscopy (FTIR);
an attenuated total reflectance (ATR) accessory (IRPrestige-21, Shimadzu) was used. The
presence of the chemical elements Ca, Sr, and P on the surfaces was semi-quantitatively
analyzed by X-ray scattering spectroscopy (EDS) (500 Digital Processing; IXRF Systems)
coupled to a scanning electron microscope (Zeiss EVO 50—Zeiss, Oberkochen, Germany).
The samples were coated with a thin conductive graphite layer before the EDS analyses
(Bal-Tec SCD 050 Sputter Coater).

2.2.8. Obliteration of Dentin Tubules

The morphology of gold-coated (Bal-Tec SCD 050 Sputter Coater) dentin discs was
analyzed by SEM. The images were also used for the calculus of the dentin tubules oblitera-
tion after brushing with a desensitizing agent [43]. To this end, two observers analyzed
the images and defined each individual tubule as partially obliterated (P), completely
obliterated (O), and non-obliterated (A). The sum of P + A + O should be the total number
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of tubules (T) observed in the image. Therefore, the number (n) of obliterated tubules was
calculated by Equation (4):

n =
(P) + (O)

T
× 100 (4)

The average value of n was calculated by using the value obtained by each observer.

2.2.9. Cell Culture Conditions

Human dental pulp stem cells (hDPSCs) were used in the experiments. The pulp
tissue was collected from the third molars of young patients, extracted for orthodon-
tic reasons. Cells were isolated using the enzymatic dissociation method and analyzed
by flow-cytometric immunophenotyping to confirm the mesenchymal identity (data not
shown). The hDPSCs were cultured in α-minimum essential medium (α-MEM, Sigma-
Aldrich, St. Louis, MO, USA), supplemented with 10% fetal bovine serum (FBS), penicillin
(100 IU/mL), and streptomycin (100 μg/mL), under 5% CO2, in a 95% humidified atmo-
sphere at 37 ◦C. The α-MEM osteogenic medium—OM (with 50 μg/mL L-ascorbic acid
and 10 mM β-glycerophosphate) was used to conduct all the cell-culture-related assays.
Cells from the 4th passage were used in the experiments.

2.2.10. Cell Viability Measurement

To test the cytotoxicity of the nanoparticles (CaCO3, Sr0.5Ca0.5CO3, and SrCO3),
cells were trypsinized, resuspended in α-MEM, seeded on 96-well plate at the density
1.3 × 104 cells per well and incubated in the air at 37 ◦C and 5% CO2. Cells were allowed
to adhere on the bottom surface of the plate for 24 h, followed by the treatment with the
nanoparticles (0.1, 1, and 10 μg/mL). To assess cell viability, we applied MTT assay after 24
and 48 h of culture. Cell viability was expressed as the percentage of the average of three
experiments compared to the untreated control for each day of the culture.

2.2.11. Tissue Non-Specific Alkaline Phosphatase (TNAP) Activity

To determine TNAP activity, firstly, we exposed the hDPSCs (2 × 104 cells/well on
24-well plate) to the nanoparticles (CaCO3, Sr0.5Ca0.5CO3, and SrCO3 at 1μg/mL) for 7 days
and 14 days. The medium was changed every 48 h supplemented with or without (control)
the nanoparticles. Then, we harvested the plasma membrane fraction in triplicate from
cells after 7 and 14 days of culture, according to (71). TNAP activity was accomplished
by the degradation of p-nitrophenylphosphate (pNPP), and its subproduct was analyzed
by reading its absorbance at 410 nm. The activity was expressed as U mg−1 of total
protein content so that one unit of enzyme is defined as the amount of enzyme capable of
hydrolyzing 1.0 nmol of substrate per mg of protein at 37 ◦C.

2.2.12. Mineralized Nodule Formation

Alizarin Red staining (ARS) was used to assess the calcium deposits. The hDPSCs
were plated (2 × 104 cells/well) in 24-well plates. The medium with and without the
nanoparticles (1 μg/mL) was renewed every two days. After 14 days, the cells were fixed
with 70% ethanol at 4 ◦C for 1 h, rinsed with deionized water, and stained with 2% ARS
(pH 4.2, Sigma-Aldrich). The nodules were dissolved with 10% cetylpyridinium chloride
(Sigma-Aldrich) under shaking for 15 min. Aliquots of the resuspension were collected,
and the optical density was measured at 562 nm wavelength in a spectrophotometer. The
results obtained from the absorbance of the control were considered as 100%.

2.2.13. Messenger RNA (mRNA) Expression by Real-Time Polymerase Chain Reaction
(RT-qPCR)

The effect of the nanoparticles on the expression of osteogenic biomarkers collagen
type 1 alpha 1 (COL1A1), alkaline phosphatase (ALP), runt-related transcription factor
2 (RUNX2), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was evaluated
by RT-qPCR. hDPSCs were incubated with 1 μg/mL of the nanoparticles and cultivated
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for 7 and 14 days. For RNA extraction, the PureLink™ RNA Mini Kit (Invitrogen, Life
Technologies, Grand Island, NY, USA) was used, following the manufacturer’s instructions.
Complementary DNA (cDNA) was synthesized from 1 μg of total RNA using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Life Technologies, Grand
Island, NY, USA). Gene expression (n = 3) was analyzed in StepOne equipment (Applied
Biosystems) using TaqMan PCR Master Mix and probes (Applied Biosystems) for the target
genes. Transcripts were normalized to GAPDH, and data were shown as relative mRNA
expression using the cycle threshold (2-ΔΔCt) method [44].

3. Results

3.1. Characterization of SrCO3, Sr0.5Ca0.5CO3, and CaCO3 Nanoparticles
3.1.1. Investigation of the Crystalline Structure of Nanoparticles by X-Ray Diffraction

Figure 1 depicts the X-ray diffraction pattern of the SrCO3, Sr0.5Ca0.5CO3, and CaCO3
nanoparticles. The reaction between Ca2+ and CO3

2− in an aqueous solution resulted in the
precipitation of pure calcium carbonate (CaCO3) as calcite [COD-1010962] (Figure 1—black
line). In turn, the reaction between Sr2+ and CO3

2− resulted in the precipitation of pure
strontium carbonate as strontianite [COD-5000093] (Figure 1—green line). Precipitation of
a mixed calcium-strontium carbonate mineral [COD 9015600] from the mixture of Ca2+ and
Sr2+ with CO3

2− was evident in the diffraction pattern depicted in Figure 1—red line. The
peaks corresponding to strontianite (Figure 1—green line) shifted to higher 2θ values, the
corroborating substitution of Sr2+ with a lighter ion, i.e., Ca2+, in the structure of the mixed
carbonate (Figure 1—red line). Phase segregation was not evident.

Figure 1. Structural characterization of the particles. X-ray diffraction patterns of SrCO3 (green line),
Sr0.5Ca0.5CO3 (red line), and CaCO3 (black line). The structures correspond to CaCO3 calcite (COD-
1010962), SrCO3 strontianite (COD-5000093), and a mixed Sr0.5Ca0.5CO3 mineral (COD 9015600). The
displacement of the peaks to higher 2θ in the case of Sr0.5Ca0.5CO3 as compared to SrCO3 evidences
the presence of a lighter element in the structure (Ca) (see image inserted in the figure).

3.1.2. Nanoparticle Size and Charge

The synthesis of particles presenting a diameter smaller than the diameter of the
tubules is mandatory to allow the particles to penetrate the dentin structure. Moreover,
either lower negative or positive charges also might favor the deposition on the negatively
charged dentin surface [45]. Table 1 lists the mean diameter of the carbonate nanoparticles.
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CaCO3 presented size distribution by number centered at 590 nm. The strontium-containing
carbonate nanoparticles were the smallest among the ones we studied; their size distribution
was centered at 66.7 and 387.0 nm for Sr0.5Ca0.5CO3 and SrCO3, respectively. The small
diameter of Sr0.5Ca0.5CO3 can be assigned to their slightly higher zeta-potential (ζ) (Table 1),
which may have prevented aggregation.

Table 1. Hydrodynamic diameter, polydyspersity index (PDI), and zeta-potential (ζ) determined by
DLS. The number between parenthesis in the diameter column corresponds to the full width at the
half maximum of the size distribution.

Sample Diameter (nm) PDI ζ (mV)

SrCO3 387.0 (166) 0.56 −2.1 ± 3.2

Sr0.5Ca0.5CO3 66.7 (16.7) 0.58 −9.1 ± 4.5

CaCO3 590.8 (156.5) 0.90 −2.5 ± 4.8

3.1.3. Nanoparticle Morphology

We investigated the nanoparticles’ morphology by SEM (Figure 2). SrCO3 (Figure 2A)
and Sr0.5Ca0.5CO3 (Figure 2B) nanoparticles exhibited a spherical morphology, in agreement
with the DLS data (Table 1). We verified the typical orthorhombic shape for the calcite-
CaCO3 nanoparticles (Figure 2C). We assigned the presence of aggregates (red arrows) to
the drying process as well as to the low ζ value.

Figure 2. SEM images of the SrCO3 (A), Sr0.5Ca0.5CO3 (B), and CaCO3 (C) nanoparticles. The red
arrows indicate the presence of micrometric particles due to aggregated nanosized particles. The
scale bar corresponds to 5 μm. The images were acquired using accelerating voltage of 20 kV and
3000× magnification.

3.1.4. Effects of the Nanoparticles on the Viability of hDPSCs

We tested the potential cytotoxic effect of the nanoparticles using cell assays in vitro.
For this, we carried MTT assay at 24 and 48 h. The data depicted in Figure 3a,b showed
that the nanoparticles did not significantly affect the viability of hDPSCs in concentrations
up to 10 μg/mL, except for the SrCO3.
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Figure 3. Effect of the nanoparticles on human dental stem cells (hDPSCs) in vitro. Cell viability
of hDPSCs after 24 h (a) and 48 h (b) of culturing the presence of the nanoparticles measured by MTT
assay. The results represent mean ± SD of five experiments. Statistical analysis was carried out by
two-way ANOVA, and Tukey’s post-test were performed to compare the results. Bars with different
letters represent significant differences between groups for each concentration of particles tested.
Tissue-Non-specific Alkaline Phosphatase (TNAP) activity after 7 and 14 days of culturing in the
presence and absence (control) of 1 μg/mL of particles (c). For the determination of TNAP activity,
multiple statistical comparisons were performed by one-way ANOVA in comparison with the control,
** = 0.0014. The results represent mean ± SD of three experiments. Evaluation of the formation of the
mineralized nodules by alizarin red staining after 14 days of culturing in the presence and absence
(control) of 1 μg/mL of particles (d). The results represent mean ± SD of five experiments. Statistical
analysis was carried out by two-way ANOVA, and Tukey’s post-test was performed to compare the
results. Bars with different letters represent significant differences between groups. All the controls
correspond to hDPSC cultured on the polystyrene plate in absence of the nanoparticles.

3.1.5. TNAP Activity and Mineralized Nodules Formation

We studied the effect of the nanoparticles upon mineralization by measuring the
enzymatic activity of tissue non-specific alkaline phosphatase (TNAP), the main enzyme
responsible for inorganic phosphate generation in mineralization-competent cells, and
quantifying the formation of mineral nodules by alizarin red staining [46,47]. The results
presented in the Figure 3C revealed that TNAP enzymatic activity was not significantly
affected by the presence of the particles at the 7th day of culture. However, after 14 days, a
slight reduction was observed for the samples treated with Sr0.5Ca0.5CO3 nanoparticles.
Quantification of mineral nodules revealed the ability of all the nanoparticles to stimulate
mineralization by hDPSCs (Figure 3D). The formation of mineralized nodules was increased
up to 30% in the presence of CaCO3 and Sr0,5Ca0,5CO3 nanoparticles and 18% in the
presence of SrCO3 nanoparticles, compared to the control in the absence of the particles.
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3.1.6. Expression of RUNX2, COL1, and ALP by hDPSCs

The expression of the main osteogenic markers RUNX2, COL1, and ALP by hDPSCs
was evaluated by RT-PCR analysis. The data presented in Figure 4 revealed increased
expression of COL1 (Figure 4A) and ALP (Figure 4B) genes after 7 days of culturing in
the presence of all the nanoparticles, compared to the control. This result corroborates
the enhanced formation of mineral nodules by the cells cultivated in the presence of the
nanoparticles (Figure 3D). After 14 days of culturing, the expression of COL1 and ALP was
reduced, following the fate of the cells. It is worth noting that SrCO3 nanoparticles, which
had the highest amount of Sr, sustained the increased expression of ALP and increased
the expression of the transcription factor RUNX2 after 14 days of culture, following the
positive effects of strontium on mineralization [48].

Figure 4. Expression of the osteogenic markers COL1 (A), ALP (B), and RUNX2 (C) by hDPSCs
cultivated in the presence of 1 μg/mL Sr-carbonates for 7 and 14 days. The control corresponds to the
cells cultivated in polystyrene plate in absence of the particles. Statistical analyses were carried out
by two-way ANOVA, and Tukey’s post-test was performed in relation to the control; **** p < 0.0001,
*** p < 0.001, ** p < 0.01, and * p < 0.05.

3.2. Chemical Analysis of Dentin Surface before and after Brushing with a Desensitizing Agent

Figure 5A–C illustrate the ATR-FTIR spectra of the dentin surface before (black
line) and after brushing with a desensitizing agent for 1 (red lines), 7 (green lines), or
14 days (blue lines). For comparison, we also present results for dentin discs brushed with
Sensodyne® Rapid Relief under the same experimental conditions (Figure 5D).

All the discs displayed bands attributed to asymmetric stretching of the PO4
3− group

at 1070 cm−1. Furthermore, we detected the low intense band at 1250 cm−1, which is
related to the amide-I group of collagens and is important for the characterization of the
dentin surface. Other low-intensity bands in the range of 1750 and 1400 cm−1, ascribed
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to the presence of carboxylate and amine groups in the organic matrix, emerged in the
spectra.

Figure 5. Chemical analysis of the dentin discs before and after brushing. ATR-FTIR of the dentin
surface before (black lines) and after brushing for 1 (red lines), 7 (green lines), and 14 (blue lines)
days with SrCO3 nanoparticles (A), Sr0.5Ca0.5CO3 nanoparticles (B), CaCO3 nanoparticles (C), and
Sensodyne® Rapid Relief (D). The black and red arrows indicate changes in the bands assigned to
the presence of CO3

2− and PO4
3− groups, respectively, after brushing.

After brushing with SrCO3, the bands at 1480 and 850 cm−1 intensified, as indicated
by the black arrows in Figure 5A. This was associated with asymmetric stretching of the
CO3

2− groups, thus indicating the deposition of carbonate particles on the dentin surface.
The band related to the PO4

3− group did not change significantly. We observed a sim-
ilar behavior after brushing with Sr0.5Ca0.5CO3 nanoparticles (Figure 5B). Interestingly,
brushing with CaCO3 nanoparticles did not alter the intensity of the bands at 1480 and
850 cm−1 significantly (Figure 5C), but the band at 1070 cm−1, assigned to PO4

3− asymmet-
ric stretching, increased, as indicated by the red arrows in Figure 5C. The ATR-FTIR results
obtained after brushing with Sensodyne® Rapid Relief, well-known for its desensitizing
properties, revealed the effect of this product on the structure of the phosphate groups, as
demonstrated by the changes in the intensity and shape of the band at 1070 cm−1.

3.3. Morphological Characterization and Quantitative Analysis of Dentin Tubule Obliteration after
Brushing with a Desensitizing Agent

We analyzed the morphology of the dentin discs before (Figure 6A1–A4) and after
brushing with SrCO3 nanoparticles (Figure 6B), Sr0.5Ca0.5CO3 nanoparticles (Figure 6D),
CaCO3 nanoparticles (Figure 6F), or Sensodyne® Rapid Relief (Figure 6H).
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Figure 6. SEM imagens of the dentin specimens before (A1–A4) and after brushing with SrCO3

nanoparticles (B,C), Sr0.5Ca0.5CO3 nanoparticles (D,E), CaCO3 nanoparticles (F,G), and Sensodyne®

Rapid Relief (H,I). Images C, E, G, and I were acquired after acid challenge. The inserts correspond
to images with low amplification. The scale bar corresponds to 5 μm.

For the discs brushed with SrCO3 nanoparticles (Figure 6B) or Sr0.5Ca0.5CO3 nanopar-
ticles (Figure 6), the nanoparticles were deposited at the top as well as inside the dentin
tubules, which produced a coating and led to 67.7% and 93.3% tubule obliteration, respec-
tively (Table 2). The acid attack did not remove the coatings (Figure 6C,E), and obliteration
was higher after this procedure.

After brushing with CaCO3 nanoparticles, micrometric particles were present at the
top surface. The larger size of these particles did not allow them to penetrate the dentin
tubules. Moreover, the particles were removed, and a completely clean surface emerged
after acid attack (Figure 6G).

Brushing with Sensodyne® Rapid Relief (Figure 6H) promoted the deposition of a
coating in the intertubular spaces of the dentin surface, but obliteration was low (19.5%)
(Table 2). Although coating morphology changed after acid attack, the tubules remained
open (Figure 6I).

We also acquired SEM images of transversal cuts of the dentin discs before (Figure 7A1–A4)
and after (Figure 7B,D,F,G) brushing. Tubule morphology clearly changed after brushing
with either the particles or Sensodyne® Rapid Relief. These changes were related to the
deposition of the desensitizing nanoparticles inside the tubules and their adhesion to the
tubule walls. The acid attack did not remove the nanoparticles from the tubules, particularly
for the discs brushed with Sr0.5Ca0.5CO3 nanoparticles (Figure 7E).
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Table 2. Percentage of obliterated dentin tubules (n) on the surface of the specimens after brushing
with gel containing nanoparticles, followed (+) or not (−) by acid attack (AA).

Sample AA n (%)

Control − 0% ± 0.0

SrCO3nanoparticles
− 67.7% ± 0.01

+ 65.7% ± 0.08

Sr0.5Ca0.5CO3 nanoparticles
− 93.3% ± 0.09

+ 100% ± 0.0

CaCO3nanoparticles
− 24.7% ± 0.10

+ 0% ± 0.0

Sendodyne®
− 19.5% ± 0.08

+ 31.9% ± 0.15

Figure 7. Transverse view SEM imagens of the dentin specimens before (A1–A4) after brushing
with SrCO3 nanoparticles (B,C), Sr0.5Ca0.5CO3 nanoparticles (D,E), CaCO3 nanoparticles (F,G) and
Sensodyne® Rapid Relief (H,I). Images C, E, G, and I were acquired after acid challenge. The scale bar
corresponds to 2 μm. The orange arrows indicate the presence of particles inside the dentin tubules.

3.4. Quantification and Mapping of Ca, Sr, and P in Dentin Discs

By using EDS, we quantified and mapped the chemical elements present on the dentin
disc surface and inside the tubules before and after brushing with the nanoparticles. We
compared the results to data obtained after brushing with Sensodyne® Rapid Relief. Table 3
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summarizes the (Ca + Sr)/P molar ratio calculated for the dentin discs. The control group,
consisting of non-brushed dentin discs, presented a (Ca + Sr)/P molar ratio close to 1.81, in
agreement with the values reported for biological apatite. The discs brushed with SrCO3
nanoparticles or Sr0.5Ca0.5CO3 nanoparticles had a (Ca + Sr)/P ratio close to the control.
However, the amount of strontium was higher in the brushed than in the non-brushed teeth,
as expected. After the acid attack, the relative amount of calcium reduced significantly
in the samples brushed with strountium-containing nanoparticles, which reflected in an
increased amount of strontium since the calculations are relative. Therefore, strontium
remained on the dentin surface even after contact with acidic fluid. Discs brushed with
CaCO3 nanoparticles presented a lower relative amount of calcium and phosphorus, and
the acid challenge reduced the amount of these elements on the surface of the discs even
further because of the abrasive process.

Table 3. Quantification by EDS of the chemical elements present on the surface of dentin specimens
before (control) and after brushing with gel containing nanoparticles, followed (+) or not (−) by acid
attack (AA).

Sample AA Ca Sr P (Ca + Sr)/P

Control − 63.47 1.00 35.52 1.81 ± 0.17

SrCO3nanoparticles
− 59.20 6.00 34.90 1.87 ± 0.17

+ 24.90 26.92 48.18 1.07 ± 0.17

Sr0.5Ca0.5CO3

nanoparticles

− 59.67 4.54 35.78 1.79 ± 0.17

+ 43.07 47.03 9.90 9.10 ± 0.17

CaCO3nanoparticles
− 59.50 0.90 39.61 1.52 ± 0.17

+ 53.30 4.36 42.33 1.36 ± 0.17

Sendodyne®
− 40.58 16.67 42.75 1.34 ± 0.17

+ 50.49 5.56 43.95 1.27 ± 0.17

For the samples treated with Sensodyne® Rapid Relief, the strontium content increased
after brushing compared to the control as an effect for strontium acetate deposition. How-
ever, the strontium content decreased after the acid attack, which was reflected in increased
calcium relative amount. Nevertheless, the decreased strontium content after the acid
attack evidenced weak attachment of this element to the dentin surface when strontium
acetate is used as an active ingredient.

We performed EDS mapping of Ca, Sr, and P on the surface of dentin discs brushed
with strontium-containing carbonate nanoparticles before (Figure 8) and after (Figure 9)
acid attack to illustrate the quantitative results presented in Table 3. It is important to note
that the maps obtained from the top view analysis are a sum of the contributions of the
elemental content at the surface and the depth by which the electron beam can penetrate.
The images evidenced strontium deposition on the surface (Figure 8—dark blue) and inside
the tubules (Figure 9—dark blue) of the dentin discs brushed with SrCO3 nanoparticles
or Sr0.5Ca0.5CO3 nanoparticles. With respect to brushing with Sensodyne® Rapid Relief,
the presence of open tubules and low obliteration was clear and corroborated the SEM
analysis (Figure 6). More interestingly, observation of the transversal cut of the dentin
demonstrated calcium and phosphorus removal (Figure 9—green and red) from the top
surface after the acid attack for all the dentin samples. However, strontium remained on
the surface (Figure 9—dark blue), revealing the specific binding of this element to the discs
and the resistance of the coatings to acidic conditions.
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Figure 8. Calcium (Ca), Strontium (Sr), and Phosphorous (P) deposition on the surfaces. EDS
maps of Ca (green), Sr (dark blue), and P (red) present on the dentin surface (top view) after brushing
with strontium-containing carbonate nanoparticles.

Figure 9. Resistance of the coatings to the acidic treatment. EDS maps of Ca (green), Sr (dark blue),
and P (red) present at the dentin top and side view after brushing with Sr-containing nanoparticles
and after acid attack. * Indicates the images obtained from the transversal cut of the samples.
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4. Discussion

Different active ingredients and several methodologies have been proposed to treat
dental hypersensitivity [5,7,49]. Most treatments involve blocking the exposed dentin
tubules and desensitizing the pulp nerve. However, the efficacy and durability of these
treatments are still under discussion [6,50], motivating the search for new biocompatible
materials with permanent and fast effects associated with specific binding to the dentin
surface, biocompatibility, and low irritability [6,7,50,51]. Here, we propose using strontium-
containing carbonate nanoparticles that might exhibit all these properties.

We structurally characterized the SrCO3, Sr0.5Ca0.5CO3, and CaCO3 nanoparticles by
X-ray diffraction, as depicted in Figure 1. We confirmed that pure CaCO3 (calcite) and
SrCO3 (strontianite) minerals were formed by comparing the diffraction pattern of the
nanoparticles with patterns extracted from the Crystallography Open Database (COD). We
also indexed the mixed mineral Sr0.5Ca0.5CO3 based on the COD. Phase segregation was
not evident. We assigned the shift of the diffraction peaks to higher 2θ values upon the
addition of SrCO3 to substitution of Sr2+ for the lighter Ca2+ in the crystal lattice [52–54].

Particle size determined by DLS revealed diameters in the nanometric scale, which
should favor penetration of the nanoparticles into the micro-sized dentin tubules [15,55].
The mean hydrodynamic diameter of SrCO3 nanoparticles was close to 387 nm (Table 1), re-
sembling the diameter of the particles in Sensodyne® Rapid Relief [15]. Moreover, the mean
diameter of CaCO3 nanoparticles was 590 nm (Figure 2C). Small particles were present
in the Sr0.5Ca0.5CO3 samples, which had hydrodynamic diameters centered at 66.7 nm
(Table 1), thus guaranteeing their penetration into the dentin tubules. The polydispersity
index (PDI) of the samples ranged from 0.6 to 0.9, revealing broad size distribution (Table 1).
Although the PDI values were higher than those reported for homogeneous nanoparticle
dispersions [15,55] (e.g., the PDI reported for the aqueous dispersion of the particles in
Sensodyne® Rapid Relief is 0.28 [15]), the whole size distribution was still at the nanometric
scale, allowing the particles to be applied for dentin tubule obliteration.

Another important point regarding surface/particle interaction is charge. Since the
dentin is negatively charged [56], positively charged or even neutral particles may be
attracted to the surface by electrostatic or van der Waals forces, thus resulting in enhanced
interaction. The zeta-potential (ζ) is influenced by the chemical composition of the particles
and the dispersing medium dielectric constant, pH, and ionic strength [15,55]. The ζ values
of SrCO3, CaCO3, and Sr0.5Ca0.5CO3 nanoparticles were −2.08, −2.46, and −9.10 mV, re-
spectively (Table 1). The ζ value increased upon substitution of Ca2+ for the less mobile
Sr2+ in the mixed-carbonate particles. The low negative charge of all the particles should
prevent repulsion and allow them to interact with the highly negative charge of the dentin
surface [56]. Regarding the application of the nanoparticles as remineralizing and desensi-
tizing agents with abrasive properties, their low ζ values allowed them to approach the
dentin surface and deposit inside the dentin tubules [15,55]. The ζ value of Sensodyne®

Rapid Relief is −16.5 mV. Despite this higher ζ, this toothpaste still has positive effects
when it comes to treating hypersensitivity [15].

Both SrCO3 nanoparticles and Sr0.5Ca0.5CO3 nanoparticles consisted of spherical
nanoparticles (Figure 2A,B). In contrast, for CaCO3 nanoparticles, SEM revealed the for-
mation of typical calcite orthorhombic micrometric structures (Figure 2C). Aggregation
in the samples was a consequence of their low ζ [53]. The SEM images supported the
hydrodynamic sizes found by DLS (Table 1). The larger size and orthorhombic morphology
of CaCO3 nanoparticles partially explained their small effect on tubule obliteration and
their ability to form continuous deposits on the dentin surface (Figure 6F).

Going further, we investigated the cytotoxicity of the nanoparticles on hDPSCs cultures
in vitro. Concentrations close to 10 μg/mL resulted in 20% in the cell viability compared to
the control for the Sr0,5Ca0,5CO3 e SrCO3 nanoparticles (Figure 3a,b). This might indicate the
interaction of the nanoparticles with the cell membrane, thus promoting a slight decrease
in cell viability rather than a significant drop [57]. The ability of the nanoparticles to induce
dentin remineralization has been investigated by their effect on TNAP activity [58]. The
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time-course events associated with TNAP activity have been previously reported [46,47].
Even though the TNAP messenger RNA transcription happens as early as the 7th day of
cell culture, its highest activity occurs on the the14th day. Based on this, we sought to
test both 7 days and 14 days. After 7 days of culture, the TNAP activity of odontoblast
treated in the presence of CaCO3 nanoparticles, SrCO3 nanoparticles, and Sr0.5Ca0.5CO3
nanoparticles was like the control group (Figure 3C); however, on the day 14th, SrCO3
nanoparticles promoted increased TNAP activity compared to Sr0,5Ca0,5CO3 nanoparticles,
although lower than the control group (Figure 3C).

Several studies report the influence of different strontium concentration in TNAP
activity, which corroborate our hypothesis. Bonnelye et al. demonstrated that TNAP gene
expression and activity significantly increased when higher doses of strontium ranelate
were provided [59]. Our group has also found increased TNAP activity on osteoblasts
treated with a flavonoid-strontium complex [48]. Moreover, alizarin red staining (Figure 3D)
showed that the presence of the particles significantly enhanced the mineral nodules
deposition in comparison to the control group on the 14th day of culturing. The stimulus
upon mineralization was more significant for CaCO3 nanoparticles and Sr0.5Ca0.5CO3
nanoparticles, which might be related to the Ca2+ ions already present in the particles’
structure. The formation of mineralized nodules indicates the differentiation of hDPSCs in
an osteogenic phenotype [40]. Moreover, the deposition of minerals is an indicator of matrix
vesicle secretion by the cells, which usually occurs when the cells switch from an immature
to a mature phenotype [60]. These results were confirmed by the analysis of the expression
of the main osteogenic markers COL1, ALP, and RUNX2. All the particles stimulated the
expression of COL1 and ALP and sustained the expression of the transcriptional factor
RUNX2-related genes after 7 days of culturing, compared to the control. These genes
are earlier markers of differentiation of hDPSCs to an osteoblastic phenotype [61–63],
which supports the enhanced mineral nodule formation after treatment with the particles
(Figure 3D). SrCO3 nanoparticles stimulated the expression of the genes related to these
three osteogenic markers even after 14 days of culturing (Figure 4).

After conducting biological assays in vitro, we mixed the SrCO3, Sr0.5Ca0.5CO3, or
CaCO3 nanoparticles with PVA to obtain gel-like samples, which we further used to brush
the dentin disc surface. The ATR-FTIR spectra of the dentin samples before and after
brushing helped to investigate changes in the chemical composition of the dentin sur-
face after contact with the nanoparticles. Figure 5A illustrates the spectra of the dentin
discs brushed with SrCO3 nanoparticles. Bands assigned to biological apatite emerged
in the 1100–1000 cm−1 range and were related to asymmetric stretching of the phosphate
group [53,64,65]. The typical amide III band of collagen also appeared at 1250 cm−1, attest-
ing to the presence of this structural protein on the dentin surface [66,67]. Bands ascribed
to carboxylate and amine groups were observed between 1750 and 1500 cm−1 [68]. The
natural substitution of phosphate with carbonate groups is a fingerprint of biological ap-
atite [53,64,65,69–71]. However, the intensity of the bands at 1480 and 850 cm−1 increased
after brushing with SrCO3 (Figure 5A—red line and black arrows), while there was no
evidence of changes in the band at 1070 cm−1 attributed to phosphate. The intensity of
carbonate-related bands increased as a function of the number of brushing cycles (Fig-
ure 5A—green and blue lines). This result supported the accumulation of nanoparticles
due to sequential brushing, reinforcing the ability of SrCO3 nanoparticles to bind to the
dentin surface without modifying the apatite mineral structure.

The samples brushed with Sr0.5Ca0.5CO3 nanoparticles behaved similarly: the bands
related to carbonate groups intensified upon sequential brushing cycles for 7 (Figure 5B—
green line) and 14 days (Figure 5B—blue line). We then compared the effects of SrCO3
nanoparticles and Sr0.5Ca0.5CO3 nanoparticles: after the first brushing cycle, the application
of SrCO3 nanoparticles inverted the relative intensity between the bands at 1070 cm−1,
assigned to phosphate, and 850 cm−1, assigned to carbonate, whereas brushing with
Sr0.5Ca0.5CO3 nanoparticles elicited this inversion only after 7 days. We attributed this
result to the higher negative ζ value of Sr0.5Ca0.5CO3 nanoparticles, which translated
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into lower ability to bind to the dentin surface as compared to SrCO3 nanoparticles. The
fact that the phosphate band slightly shifted to lower wavenumbers after brushing with
Sr0.5Ca0.5CO3 was noteworthy and indicated that Ca2+ was replaced with the heavier Sr2+

in the apatite lattice [53,65,69]. The intensity of the band at 1480 cm−1 (black arrow) did
not change significantly after brushing with CaCO3 nanoparticles, which indicated a lower
deposition of the particles on the dentin surface. Given that SrCO3 and CaCO3 nanoparticles
have similar ζ values, this result attested to the affinity of Sr2+ for the dentin surface and the
enhanced binding ability of the strontium-containing carbonate nanoparticles. Moreover,
the larger size and orthorhombic morphology of CaCO3 nanoparticles may have prevented
their contact with the dentin surface and penetration into the dentin tubules, as also
suggested by SEM analysis (Figure 6F). The higher intensity of the phosphate band after
brushing with CaCO3 nanoparticles for 14 days could result from higher exposure of the
apatite mineral, assigned to the removal of the smear layer due to the well-known abrasive
effect of this compound [2,31]. Similar to the effect of the strontium-containing carbonate
nanoparticles prepared herein, brushing with Sensodyne® Rapid Relief (strontium acetate
as an active ingredient) intensified the band attributed to phosphate and shifted it to a
lower wavenumber. Nevertheless, the bands related to carbonate remained unchanged.

We calculated tubule obliteration by Equation (1) by counting the total number of
tubules and classifying them into the open, partially obliterated, and obliterated in a
10 mm2 area of an SEM image. The results presented in Table 2 evidenced the low oblitera-
tion ability (24.7%) of CaCO3. This finding supported the absence of changes in the bands
associated with carbonate in the FTIR spectrum obtained for dentin after brushing with
CaCO3 nanoparticles. Nevertheless, the spherical strontium-containing nanoparticles pro-
moted higher obliteration (67.7%) for the samples brushed with SrCO3 nanoparticles, which
remained stable after acidic treatment (Table 2). The samples brushed with Sr0.5Ca0.5CO3
nanoparticles had the highest obliteration values, which were even higher after the acidic
challenge when they reached 100% (Table 2). This could be due to the higher solubility
of CaCO3 nanoparticles in an acidic medium, which led to the re-deposition of smaller
particles that were able to penetrate into the dentin tubules as a result of a well-known dis-
solution/reprecipitation process [72,73]. Surprisingly, although brushing with Sensodyne®

Rapid Relief promoted intertubular deposition of the particles, this toothpaste presented
the lowest obliteration ability, which was close to 19.5% before and 31.9% after acidic
treatment. The side-view SEM images evidenced changes in the morphology of the internal
tubule walls and the penetration of particles (Figure 7). In particular, the red arrow in
Figure 6 indicates the presence of nanoparticles inside the tubules of the samples brushed
with Sr0.5Ca0.5CO3 nanoparticles, evidencing the high affinity of these nanoparticles for
the dentin structure.

We carried out elemental analysis of the dentin surface before and after brushing
by EDS coupled with SEM. The relative amount of Ca, Sr, and P depicted in Table 3
revealed a (Ca + Sr)/P molar ratio close to 1.8 for clean dentin samples before brushing.
The stoichiometric ratio expected for hydroxyapatite is 1.67. The higher values could be
correlated to cationic and anionic substitutions in the biological apatite structure. The
FTIR data supported this finding: bands related to B-type substitution, in which phosphate
groups are replaced with carbonate, were present in the spectra [24,74]. Furthermore,
the presence of a small amount of strontium before brushing was related to the natural
substitution of Ca2+ for Sr2+ in mineralized tissue. Strontium uptake at concentrations
close to 2.4 mg/day from water and diet has been reported [2,23–25,74]. Brushing with
CaCO3 nanoparticles reduced the (Ca + Sr)/P molar ratio due to exposure of phosphate
because of abrasion, as also evidenced by FTIR analysis. After the acid attack, the relative
amount of Ca decreased, indicating partial dentin demineralization [2,23–25]. The (Ca +
Sr)/P molar ratio after brushing with SrCO3 nanoparticles was like the ratio in clean dentin
(Table 3). However, the relative strontium content increased, indicating that strontium
deposited on the dentin surface. We identified homogeneous strontium deposits in the
EDS images in Figure 8. After the acid attack, the relative amount of calcium decreased,
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which translated into increased strontium and phosphorus content (Figure 9 and Table 3).
Calcium removal and maintenance of strontium deposited on the dentin surface were
evident in the EDS images (Figure 9). The lack of a green color, related to calcium, and
the presence of a blue color, related to strontium, in the side view of Figure 9 after the
acid attack supported the higher affinity of strontium for the dentin surface, which could
result in remineralization and obliteration [69,75]. We verified a similar behavior after we
brushed dentin discs with the mixed Sr0.5Ca0.5CO3 nanoparticles: calcium and strontium
were homogeneously deposited (Table 3, Figure 8), and calcium was partially removed
after the acid attack (Figure 9). Calcium removal was less accentuated as compared to
the samples brushed with SrCO3 nanoparticles, which indicated that the coating formed
by deposition of Sr0.5Ca0.5CO3 nanoparticles on dentin was more resistant to acid attack
(Figure 9). The presence of green spots in the side view images indicated that higher
amounts of calcium remained deposited on the dentin surface after acid attack as compared
to the samples brushed with SrCO3 nanoparticles. The reduction in the phosphorus content
(Table 3 and Figure 9) could be assigned to the formation of carbonated apatite as supported
by the FTIR data [76]. Brushing with Sensodyne® Rapid Relief resulted in a higher amount
of strontium in dentin as compared to the samples brushed with the tested nanoparticles
(Table 3). Nevertheless, intertubular despite intratubular deposition was evident from the
presence of the black holes observed in the EDS image attributed to non-obliterated tubules
(Figure 8). After the acid attack, a reduced amount of strontium remained on the dentin
samples brushed with Sensodyne® Rapid Relief as compared to the samples brushed with
SrCO3 nanoparticles or Sr0.5Ca0.5CO3 nanoparticles (Table 3), revealing the lower resistance
of the coating formed by the commercial toothpaste as compared to the coating formed by
the new active ingredients containing strontium proposed herein.

5. Conclusions

Dentin samples brushed with the strontium-containing nanoparticles were coated with
a mineral layer that was also able to penetrate dentin tubules, while CaCO3 nanoparticles
remained as individual particles on the dentin surface. Moreover, after brushing with
SrCO3 nanoparticles or Sr0.5Ca0.5CO3 nanoparticles, the bands related to carbonate groups
intensified. The slight shift of the phosphate-related FTIR band to the lower wavenum-
ber indicated that strontium replaced calcium on the dentin structure after treatment.
The coating promoted by SrCO3 nanoparticles or Sr0.5Ca0.5CO3 nanoparticles resisted an
acidic environment, while calcium and phosphorus were removed from the top of the
dentin surface. The nanoparticles were not toxic to hDPSCs, sustained TNAP activity, and
promoted mineralization. The performance of the strontium-containing nanoparticles in
terms of tubule obliteration and resistance to acid attack was even better as compared
to Sensodyne® Rapid Relief. Adding Sr0.5Ca0.5CO3 nanoparticles as an active ingredient
in dentifrice formulations may be commercially advantageous because this compound
combines the well-known abrasive properties of calcium carbonate with the mineralization
ability of strontium, while the final cost remains between the costs of CaCO3 nanoparticles
and SrCO3 nanoparticles.
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Abstract: Objective: To compare healing of collagenated and non-collagenated xenografts used for
maxillary sinus floor elevation. Materials and Methods: Two different xenografts were used: depro-
teinized bovine bone (DBBM group) and collagenated corticocancellous porcine bone (collagenated
group). Healing was studied after 2, 4, and 8 weeks. The loss of dimensions of the elevated area and
the percentages of new bone, xenograft remnants, osteoclastic zones, vessels, inflammatory infiltrates,
and soft tissues were analyzed. Three regions were evaluated: close to the bone walls (bone wall
region), subjacent the sinus mucosa (submucosa region), and the center of the elevated area (middle
region). The primary variables were the percentage of new bone and xenograft remnants. Results:
Between 2 and 8 weeks, the elevated areas showed a reduction of 16.3% and 52.2% in the DBBM
and collagenated groups, respectively (p < 0.01 between the two areas after 8 weeks). After 8 weeks,
the highest content of new bone was observed in the bone wall region, which was higher in the
collagenated group than in the DBBM group (41.6% and 28.6%, respectively; p < 0.01). A similar
quantity of new bone was found between the two groups in other regions. A higher percentage of
vessels in all regions evaluated (p < 0.01) and soft tissue in the sub-mucosa region (p < 0.05) was found
in the collagenated group than in the DBBM group. Conclusions: The present study showed that both
xenografts allowed new bone formation. In comparison with the non-collagenated xenograft, the
collagenated xenograft underwent higher resorption, resulting in greater shrinkage of the elevated
space after sinus lifting and a higher content of new bone in the regions close to the bone walls.
Clinical relevance: In this study, the region adjacent to the bone wall showed the highest new bone
content. This region resembles the base of the sinus, closest to the sinus floor and walls, and is the
most important region from a clinical point of view because it is where the implant will be installed.
Residues of the biomaterial remained after 8 weeks of healing. Other reports have shown that these
biomaterial residues may interfere with the integration of implants.

Keywords: bone substitutes; sinus floor augmentation; bone formation; bone regeneration; bone
resorption; animal model

1. Introduction

The presence of sufficient bone volume is a necessary prerequisite for implant installa-
tion and to provide a long-term successful outcome [1]. When no sufficient bone volume
is available in the posterior region of the maxilla, sinus floor elevation has been shown to
be a reliable surgical approach that allows oral rehabilitation using implants [2,3]. Lateral
access is one of the most common approaches used for sinus lifting [2].
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A series of anatomical characteristics should be considered before performing a surgi-
cal procedure. Among them, we should consider the height of the residual bone crest, the
angle and position of the palatal-nasal recess in relation to the floor of the sinus, the angle
of the floor sinus formed by the lateral and medial sinus walls, the width of the lateral wall,
the position of the posterior superior alveolar artery, the presence of intra-sinus pathologies
and septa, and the patency of the antrum [4,5].

The space gained after sinus floor elevation tends to be lost over time [6–8]. Volumetric
changes after sinus lifting evaluated using computed tomography (CTs) scans or cone
beam CTs (CBCTs) were reported in a systematic review [9]. To maintain the elevated
space, biomaterials [10–13], implants without filler material [3,13–21], or resorbable or
non-resorbable devices [22–25], were placed within the elevated space.

Histometric outcomes of various grafting materials used for sinus floor elevation
have been discussed in various systematic reviews [10–12]. A systematic review with
network meta-analyses [10] found differences in bone formation and graft resorption
among the various types of xenografts included in the assessments. A systematic review
with a meta-analysis [12] concluded that autogenous bone was the best choice when a
high content of newly formed bone was needed. Furthermore, other biomaterials might
be considered reliable bone substitutes in cases of concern regarding the donor site. The
outcomes from the review showed significantly greater new bone formation with bovine
bone than with hydroxyapatite alone, and better results with a biphasic graft composed of
β-tricalcium phosphate and hydroxyapatite than with bovine bone. In a Bayesian network
meta-analysis [11], however, it was concluded that autogenous bone showed reduced new
bone formation than several other biomaterials used as grafts.

Different healing features and resorption rates of different biomaterials have also
been reported in rabbits experiments [26–29]. In one of these experiments [26], sinus
augmentation was performed either with deproteinized bovine bone mineral (DBBM) or
with a collagen sponge. Healing was evaluated after different periods and showed stable
dimensions of the elevated space between 7 and 40 days, while at the collagen site, >50% of
the dimensions were lost. The total amount of new bone was higher at DBBM sites than at
collagen sponge sites.

In a similar study in rabbits [27], sinus augmentation was performed using either
DBBM or autogenous bone, and simultaneous implants were installed. Healing was
evaluated after 7 and 40 days. After 40 days of healing, a higher percentage of new bone
was found at autogenous sites than at DBBM sites. However, two thirds of the area of the
elevated space was lost at the autogenous sites, while the dimensions were maintained at
the DBBM sites.

In another similar study [28], sinus floor augmentation was performed bilaterally
using collagenated corticocancellous porcine bones. At the test site, a collagen membrane
was placed adjacent to the sinus mucosa prior to grafting. Similar amounts of new bone
were found in both the sinuses. However, approximately 50% of the elevated space was
lost during healing.

These studies showed similar percentages of new bone [26,28] but a higher loss in the
dimension of the elevated space in the collagenated group than in the non-collagenated
group. A comparison between these two different xenografts on different parameters, such
as bone formation, graft resorption, vessel formation, presence of resorptive zones, and
inflammatory infiltrates, might still provide useful information. Moreover, detailed data
on these parameters in different regions of the elevated regions, such as those close to the
bone walls or sinus mucosa, might allow the disclosure of differences in healing between
the two biomaterials. Hence, the aim of the present study was to compare the healing of
collagenated and non-collagenated xenografts used for maxillary sinus floor elevation.

The hypothesis of this study was that collagenated and non-collagenated xenografts used
for sinus floor augmentation might result in different percentages of newly formed bone.
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2. Materials and Methods

2.1. Ethical Statement

The protocols for both experiments were approved by the Ethical Committee of the
Faculty of Dentistry in Ribeirão Preto of the University of São Paulo (USP, São Paulo,
Brazil). The protocol numbers were 2017.1.278.58.9 [30] and 2015.1.834.58.7 [31] for the non-
collagenated (DBBM) and collagenated xenografts, respectively. The ARRIVE guidelines
and SYRCLE risk of bias tool for animal studies were adopted.

2.2. Power Calculation and Sample Size

A one-tail analysis of the raw data on the total bone formed within the elevated space
from the two experiments [30,31] was performed, with a power of 0.84, α = 0.05, and an
effect size of 1.68. It was assumed that different proportions of new bone could be found
between the two groups in the various regions evaluated. A sample size of six animals
was considered sufficient to reject the null hypothesis that the population means of the
experimental and control groups were equal. G*Power 3.1 was used for the calculations.

2.3. Experimental Design

The histological slides from two experiments, in which two different biomaterials were
used as grafts for sinus floor elevation, were further evaluated to analyze other variables
and different regions. Other data have been reported elsewhere [30,31]. In both studies,
18 male New Zealand rabbits (3.5–4.0 kg with a mean age of 4–5 months) were used. The
maxillary sinuses of rabbits were elevated using xenografts with different features. In
one study [30], a non-collagenated deproteinized bovine bone mineral (DBBM) with either
0.250–1.0 mm or 1.0–2.0 mm granules (Bio-Oss®, Geistlich Biomaterials, Wolhusen, LU,
Switzerland) was used as filler material, while in the other study [31], a collagenated
corticocancellous porcine bone (OsteoBiol Gen-Os, 0.250–1.0 μm, Tecnoss, Giaveno, Italy)
was applied. Both studies were randomized.

Randomization was performed electronically by an operator not involved in the
surgeries and was maintained in sealed opaque envelopes that were opened after exposure
of the nasal bone [31] or after elevation of the sinus mucosa bilaterally [30].

In each study, three groups were formed; each was composed of six animals that were
euthanized after 2, 4, and 8 weeks.

2.4. Xenografts

Bio-Oss (Geistlich Biomaterials, Wolhusen, LU, Switzerland) is a bovine bone depro-
teinized using a strong alkalis and organic solvent treatment at a temperature of 300 ◦C.
The total porosity, as evaluated by the mercury intrusion method, was 63.5%, whereas the
intraparticle porosity was 51%. The real density was 3.21 g·cm−3 and the mineral content
was 95% [32].

Osteobiol Gen-Os (Tecnoss, Giaveno, Italy) is a porcine bone treated at a low tempera-
ture of up to 130 ◦C to eliminate the pathogens that allow the preservation of the structure
and composition of both collagen and hydroxyapatite. The total porosity, as evaluated by
the mercury intrusion method, was 33.1%, whereas the intraparticle porosity was 21%. The
real density was 2.43 g·cm−3 and the mineral content was 64.6% [32].

2.5. Surgical Procedures

Acepromazine (1.0 mg/kg; Acepran®, Vetnil, Louveira, São Paulo, Brazil) was ad-
ministered subcutaneously to induce anesthesia, followed by intramuscular (IM) injection
of a mixture of xilazine (3.0 mg/kg; Dopaser®, Hertape Calier, Juatuba, Minas Gerais,
Brazil) and 60 mg/kg ketamine (50.0 mg/kg; União Química Farmacêutica Nacional S/A,
Embuguaçú, São Paulo, Brazil). Local anesthesia was injected into the experimental zone.

In the DBBM group, the skin, muscle, and periosteum on the nasal dorsum were incised
and the nasal bone was exposed. Access windows were prepared bilaterally with drills, the
sinus mucosa was elevated with small curettes, and the DBBM, either small or large granules,

151



J. Funct. Biomater. 2022, 13, 276

was placed inside the elevated spaces. The access windows were covered with a collagen
membrane (Bio-Gide® Geistlich Biomaterials, Wolhusen, LU, Switzerland), and the overlying
soft tissues were subsequently sutured. Similar surgical procedures were performed for the
collagenated group. However, the access windows were prepared using either drills or an
air sonic instrument (Sonosurgery, TeKne Dental, Calenzano, Florence, Italy) and micro-saw
(SFS 102, Komet-Brasseler-GmbH, Rastatt, Germany). The elevated space was filled with
collagenated corticocancellous porcine bone. The access windows were covered using a
collagen membrane (Evolution, 0.3 mm, OsteoBiol Gen-Os; Tecnoss, Giaveno, Italy) and
the soft tissues were closed with internal resorbable sutures (Polyglactin 910 5-0, Vicryl®,
Ethicon, Johnson & Johnson, São José dos Campos, Brazil) and the skin was sutured with
nylon (Ethilon 4-0®, Ethicon, Johnson & Johnson, São José dos Campos, Brazil).

Three healing periods were analyzed after 2, 4, and 8 weeks. In both studies, six animals
were used for each healing period.

2.6. Maintenance Care

The animals were maintained in an acclimatized room at the animal facilities of the
Faculty of Dentistry in Ribeirão Preto, University of São Paulo. The animals were housed in
individual cages with ad libitum access to food and water. The monitoring of wounds and
biological functions was performed daily by expert personnel. In the post-operative period,
ketoprofen twice a day for 2 days (3.0 mg/kg, Ketofen 10%, Merial, Campinas, São Paulo,
Brazil) was injected IM while Tramadol 2% twice a day for 2 days (1.0 mg/kg, Cronidor,
Agener União Saúde Animal, Apucarana, Paraná, Brazil) was injected subcutaneously.

2.7. Euthanasia

Animals were anesthetized in a manner similar to that of the surgical session. Subse-
quently, an overdose of sodium thiopental (1.0 g, 2 mL, Thiopentax®, Cristália Produtos
Químicos Farmacêuticos, Itapira, São Paulo, Brazil) was used to euthanize the animals.

2.8. Histological Preparation

The biopsies were placed in 10% buffered formalin and scanned for micro-CT analysis.
The samples were dehydrated in increasing concentrations of ethanol (50% to 100%) for
6 days and subsequently included in an ascending series of resin solutions (50% to 100%;
LR WhiteTM hard grid, London Resin Co Ltd., Berkshire, UK). Thermal polymerization
was performed in an oven at 60 ◦C for 24 h. After polymerization, the biopsies were cut
in a coronal plane, crossing the small screw placed between the two sinuses, using high
precision cutting equipment (Exakt, Apparatebau, Norderstedt, Germany). Two hemi-
biopsies were obtained from which two slides of approximately 150 μm were prepared.
Using a sequence of sandpapers of decreasing grain size mounted on a grinding machine
(Exakt, Apparatebau, Norderstedt, Germany), the two slices were ground to a thickness
of approximately 60 μm and polished. Two sections were obtained from each sample and
stained with toluidine blue or Stevenel’s blue and alizarin red.

2.9. Data Analysis

The surgery in both groups was performed by the same surgeon (E.R.S.; see ac-
knowledgements), and both histological measurements were performed by a well-trained
examiner (K.A.A.A.; see acknowledgements). Before starting the measurements, a calibra-
tion with another professional (D.B.; see acknowledgements) was performed, and it was
carried out until the inter-rater agreement in the identification of the tissues achieved a
Cohen’s coefficient k > 0.80.

To maintain high similarity and homogeneity, only one sinus was used in each experi-
ment in the present study, that is, with the small granules in the DBBM experiment (DBBM
group) and with the access window prepared with drills in the collagenated corticocancel-
lous porcine bone experiment (collagenated group).
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Histological measurements were performed using NIS-Elements D software (v 4.0, Lab-
oratory Imaging, Nikon Corporation, Tokyo, Japan) on an Eclipse Ci microscope (Nikon
Corporation, Tokyo, Japan) equipped with a video camera (Digital Sight DS-2Mv, Nikon
Corporation, Tokyo, Japan). A point-counting procedure was used, superposing a lattice with
squares of 75 μm in dimension on the image of the histological slide at ×100 magnification.

The following tissues were evaluated in both studies: mineralized new bone, xenografts,
inflammatory infiltrate areas, vessels, osteoclastic zones, and soft tissues (marrow spaces,
connective tissues, and matrix tissue). The tissues were evaluated in three different regions:
close to the sinus bone walls (bone walls region), subjacent sinus mucosa (submucosa
region), and in the center of the elevated space (middle region).

Two groups were defined: the DBBM and collagenated groups. The primary variables
were the percentage of new bone and xenograft remnants. All the other parameters were
secondary variables. Mean values and standard deviations were calculated for each variable
using the software Excel 2013 (Microsoft Corporation, Redmond, WA, USA).

Statistical analyses were performed for both primary and secondary variables using
the Prism software (Version 9.4.1, IBM Inc., Chicago, IL, USA). The Shapiro-Wilk test for the
assessment of normality was applied for all variables. The unpaired t-test or Mann-Whitney
test was used for statistical analyses. The significance level was set at p < 0.05.

3. Results

All periods are presented as n = 6, and data were available for all specimens. Data from
three regions were evaluated (Figure 1A–D): bone walls (Table 1), sub-mucosa (Table 2),
and middle (Table 3) regions.

 

A B 

C D 

Figure 1. Healing after 8 weeks in the DBBM (A,C) and collagenated (B,D) groups illustrated in
histological (A,B) and microCT images (C,D). The tissues were evaluated in three different regions:
close to the sinus bone walls (bone walls region, light blue arrows), subjacent the sinus mucosa
(sub-mucosa region, yellow arrow) and in the center of the elevated space (middle region, green
arrow). Stevenel’s blue and alizarin red stain.
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Table 1. Tissues components in the bone walls region in the DBBM and collagenated groups at the
various periods of healing. Mean values ± standard deviation in percentages.

New Bone Xenograft Soft Tissues Osteoclastic Zones Vessels Inflammatory Infiltrate

2 Weeks DBBM 11.5 ± 7.6 * 49.8 ± 5.3 * 33.9 ± 7.5 * 0.7 ± 0.9 * 4.2 ± 3.8 0.0 ± 0.0 *

2 Weeks
Collagenated 1.6 ± 1.7 * 43.5 ± 4.3 * 48.8 ± 3.5 * 2.7 ± 0.8 * 2.6 ± 1.5 0.7 ± 0.6 *

p value 0.011 0.048 0.001 0.010 0.810 0.002

4 Weeks DBBM 24.7 ± 6.2 43.9 ± 4.1 * 26.8 ± 6.6 * 0.0 ± 0.1 * 4.6 ± 1.3 0.0 ± 0.0 *

4 Weeks
Collagenated 20.4 ± 15.2 20.2 ± 12.9 * 44.4 ± 7.3 * 5.3 ± 2.6 * 8.7 ± 5.0 0.9 ± 1.0 *

p value 0.535 0.002 0.001 0.003 0.079 0.007

8 Weeks DBBM 28.6 ± 5.3 * 43.9 ± 4.4 * 26.3 ± 2.5 * 0.0 ± 0.0 * 0.9 ± 0.7 * 0.2 ± 0.5

8 Weeks
Collagenated 41.6 ± 6.5 * 5.3 ± 4.3 * 43.1 ± 5.5 * 0.6 ± 0.5 * 9.4 ± 3.1 * 0.1 ± 0.3

p value 0.004 0.004 0.004 0.002 <0.0001 0.902

* p < 0.05 between deproteinized bovine bone mineral (DBBM) and collagenated corticocancellous porcine bone
(collagenated) groups.

Table 2. Tissues components in the sub-mucosa region in the DBBM and collagenated groups at the
various periods of healing. Mean values ± standard deviation in percentages.

New Bone Xenograft Soft Tissues Osteoclastic Zones Vessels Inflammatory Infiltrate

2 Weeks DBBM 5.6 ± 13.6 53.0 ± 10.7 37.5 ± 5.5 0.6 ± 0.8 * 3.4 ± 3.1 0.0 ± 0.0

2 Weeks
Collagenated 0.0 ± 0.0 52.6 ± 5.5 42.8 ± 4.6 2.0 ± 1.0 * 2.3 ± 1.4 0.3 ± 0.4

p value 0.317 0.631 0.100 0.024 0.457 0.059

4 Weeks DBBM 5.7 ± 7.8 54.6 ± 9.4 * 36.9 ± 8.9 * 1.3 ± 1.4 * 1.5 ± 1.3 0.0 ± 0.0 *

4 Weeks
Collagenated 5.7 ± 11.2 28.2 ± 1.8 * 50.1 ± 10.7 * 9.6 ± 7.5 * 3.9 ± 3.9 2.5 ± 2.2 *

p value 0.494 0.002 0.042 0.024 0.186 0.007

8 Weeks DBBM 28.6 ± 14.0 50.3 ± 4.6 * 20.2 ± 10.4 * 0.3 ± 0.9 0.4 ± 1.1 * 0.0 ± 0.0 *

8 Weeks
Collagenated 28.1 ± 16.4 5.6 ± 4.4 * 54.6 ± 21.5 * 2.3 ± 3.4 8.8 ± 5.0 * 0.7 ± 0.6 *

p value 0.950 <0.0001 0.006 0.216 0.003 0.022

* p < 0.05 between deproteinized bovine bone mineral (DBBM) and collagenated corticocancellous porcine bone
(collagenated) groups.

In the DBBM group, the area of the elevated space decreased by 5.6% between 2 and
4 weeks (p = 0.599) and by 16.3% between 2 and 8 weeks (p = 0.108). In the collagenated
group, the reduction in area was 33.7% and 52.2% between 2 and 4 weeks (p = 0.001) and
between 2 and 8 weeks (p < 0.001), respectively.

After 2 weeks of healing, new bone was observed in both groups, especially close to
the bone walls (Figure 2A,B).
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Table 3. Tissues components in the middle region in the DBBM and collagenated groups at the
various periods of healing. Mean values ± standard deviation in percentages.

New Bone Xenograft Soft Tissues Osteoclastic Zones Vessels Inflammatory Infiltrate

2 Weeks DBBM 1.8 ± 4.5 59.8 ± 8.6 * 34.3 ± 6.9 * 1.6 ± 1.6 2.1 ± 1.8 0.3 ± 0.9

2 Weeks
Collagenated 0.1 ± 0.2 50.0 ± 6.3 * 46.0 ± 6.5 * 1.2 ± 0.5 2.4 ± 1.1 0.4 ± 0.4

p value 0.902 0.048 0.032 0.571 0.470 0.210

4 Weeks DBBM 11.9 ± 6.0 51.5 ± 14.9 * 31.3 ± 7.5 * 0.0 ± 0.0 * 5.4 ± 4.1 0.0 ± 0.0 *

4 Weeks
Collagenated 10.2 ± 18.2 21.0 ± 19.7 * 55.8 ± 16.2 * 5.2 ± 2.8 * 6.5 ± 5.9 1.4 ± 1.4 *

p value 0.149 0.013 0.007 0.002 0.719 0.022

8 Weeks DBBM 23.2 ± 12.8 48.3 ± 7.0 * 27.8 ± 7.0 * 0.2 ± 0.4 0.6 ± 0.8 * 0.0 ± 0.0 *

8 Weeks
Collagenated 25.1 ± 8.0 5.6 ± 3.2 * 56.2 ± 12.8 * 1.3 ± 2.5 10.1 ± 4.9 * 1.6 ± 2.0 *

p value 0.764 <0.0001 0.001 0.216 0.006 0.022

* p < 0.05 between deproteinized bovine bone mineral (DBBM) and collagenated corticocancellous porcine bone
(collagenated) groups.

 
A B 

Figure 2. Photomicrographs of ground sections representing the healing after 2 weeks. New bone
was formed from the sinus bone walls and surrounded the neighbor granules. (A) DBBM group.
(B) collagenated group. Stevenel’s blue and alizarin red stain.

Higher bone formation was observed in the DBBM group than in the collagen group
during the healing period (p = 0.011). After 8 weeks of healing, new bone increased over
time in all regions in both groups, reaching the highest value in the collagenated group. In
this period of healing, the only statistically significant difference in bone formation was
found in the bone walls region (p = 0.004), with a fraction of 28.6 ± 5.3% in the DDBM
group and 41.6 ± 6.5% in the collagenated group (Figure 3).

The xenograft content in the DBBM group decreased by ~6% between weeks 2 and 8 in
the bone wall region (p = 0.064), ~3% in the submucosal region (p = 0.598), and ~11.5% in
the middle region (p = 0.029). The collagenated group presented much higher resorption,
reducing the percentages from about 43–53% to 5–6% in the same interval of healing.
The differences were statistically significant in all regions after 4 and 8 weeks of healing
(p < 0.01; Figure 4).
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Figure 3. Graph illustrating percentage bone formation in the various regions examined after
2, 4, and 8 weeks of healing.

Figure 4. Graph illustrating percentage xenograft resorption in the various regions examined after
2, 4, and 8 weeks of healing.

After 8 weeks of healing, higher soft tissue content was present in the collagenated
group than in the DBBM group, and the difference was statistically significant in all regions
(p < 0.001; Figure 5A,B).
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Figure 5. Photomicrographs of ground sections representing the healing after 8 weeks in the sub-
mucosa region. Xenograft particles and soft tissues were present in both groups, but in higher
percentages in the DBBM group. (A) DBBM group. (B) Collagenated group. Stevenel’s blue and
alizarin red stain.

The osteoclastic zones were limited in extension after 2 weeks of healing. A higher
concentration of these zones was observed in the bone wall region of the collagenated
group (Figure 6).

Figure 6. Graph illustrating the percentages of resorptive zones in the various regions examined after
2, 4, and 8 weeks of healing.

After 4 weeks, the osteoclastic zones remained stable in the DBBM group and increased
in the collagenated group, reaching 9.6% in the sub-mucosa region (Figure 7A,B).
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Figure 7. Photomicrographs of ground sections showing resorptive zones after 4 weeks. (A) DBBM
group. (B) Collagenated group. Stevenel’s blue and alizarin red stain.

In this period, the differences between the groups were statistically significant in all
regions (p < 0.05). The osteoclastic zone content decreased after 8 weeks to values similar
to or lower than those in the 2-week period.

After 2 weeks of healing, the range of the percentages of vessels was 2.1–4.2% in the
DBBM group, and 2.3–2.6% in the collagenated group (Figure 8). In the DBBM group, after
8 weeks of healing, the vessel content was <1% in all regions. Conversely, the proportion
of vessels in the collagenated group increased over time, reaching fractions 9–10% after
8 weeks (p < 0.01). In this period, the differences between the groups were statistically
significant for all the regions evaluated.

Figure 8. Graph illustrating the percentages of vessels in the various regions examined after
2, 4, and 8 weeks of healing.

After 2 weeks of healing, the inflammatory infiltrate was low (<1%) in all regions.
The percentages remained low (≤0.2%) in the DBBM group, increased in the collagenated
group after 4 weeks, and ranged between 0.7–1.6% after 8 weeks.
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4. Discussion

The dimensions of the elevated space decreased over time in both the DBBM and
collagenated groups. However, between 2 and 8 weeks of healing, a greater reduction in the
dimensions was observed in the collagenated group, with >50% of the total area, whereas
in the DBBM group, the reduction was ~16%. In the DBBM group, dimensional variations
were similar to those reported for humans [9]. In contrast, in the collagenated group,
the shrinkage was higher than that reported in a clinical study in which the dimensional
variations evaluated on CBCTs 9 months after sinus lifting ranged between 18% and
34% [33,34]. Nevertheless, it should be considered that in other clinical situations, such as
ridge preservation after tooth extraction, no differences between collagenated and DBBM
were found regarding the maintenance of soft tissue dimensions [35].

In the present study, after 2 weeks, new bone formation was observed in the sinus
bone walls in both groups. This is in agreement with several other experimental studies
that showed a similar amount of healing [36–40]. In an experiment on minipigs, sinus
augmentation was performed using DBBM or an aqueous paste of synthetic nanoparticu-
lated hydroxyapatite [40]. Healing was evaluated after 6 and 12 weeks in three regions
that were progressively more distant from the sinus bone walls. The farther from the bone
walls, the lower the bone volume observed, confirming that bone was formed from the
sinus bone walls. In the present study, in the first period of healing, higher proportions of
new bone were found closer to the bone walls than to the others. The influence of bone
walls on bone formation was also shown in a clinical study [41]. Biopsies were collected
from 18 patients 6 months after sinus floor elevation. A higher percentage of new bone
was observed in the mesial sites, closer to the mesial bone wall, than in the distal sites.
Moreover, a strong negative correlation between bone percentage and sinus width was
found. This, in turn, means that the greater the distance between the lateral and palatal
walls, the lower is bone formation.

In the sub-mucosa region, new bone reached percentages similar to the other regions
only in the last period assessed, that is, after 8 weeks of healing. This might be because
the sinus mucosa did not participate in bone formation in the earliest period of healing,
despite its potential to form bone [42,43]. This finding is in agreement with the data from
other experimental studies [8,17,36,37,44]. After 8 weeks, higher percentages of new bone
were found in the collagenated group than in the DBBM group in the bone wall region.
The percentages of new bone found after 8 weeks of healing in the present study were
similar to those reported in human histological studies. In a clinical study [45], 48 sinuses
were elevated with either DBBM or synthetic graft. Biopsies were collected 6–8 months
after surgery. The percentages of mineralized bone were 19.8% and 21.6%, respectively.
In another clinical study [46], bovine cancellous bone obtained at a high temperature
(>1200 ◦C) was used for sinus floor elevation. Mini-implants were installed 6 months
after healing and were retrieved after another 3 months. Histological examination of
the biopsies revealed 21–23% mineralized bone. In sinuses elevated with a collagenated
xenograft similar to that used in the present study, and with mini-implants again installed
after 6 months of healing and retrieved after 3 months, percentages of mineralized bone
ranging between ~32–39% were found [47–49]. In another clinical study [50], biopsies
collected through a crestal approach revealed 40.1% mineralized bone. The percentages
of mineralized bone reported in the above-mentioned studies were similar to those found
close to the bone walls in the present study. This outcome might be related to the region
from which the biopsies were collected in clinical studies, that is, the bone crest. This region
contained the residual bone crest, and it was close to the floor and sinus walls, a condition
that resembles that in the experiment in rabbits.

This aspect has important clinical relevance, because the region close to the base of the
sinus is where the implants will be installed. Therefore, efforts should be made to preserve
this region, for example, by making the access windows as small as possible and far away
from the sinus floor to increase the source of new bone from the lateral sinus wall [33,34].
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The higher percentages of new bone found in the collagenated groups compared to
the DBBM group in the bone wall region matches the lower content of xenograft residual
in the collagenated group compared to the DBBM group; in fact, a higher resorption of
biomaterial was observed in the former than in the latter group. After 8 weeks of healing,
>40% of DBBM and <6% of collagenated corticocancellous porcine bone were still present
in all regions. This outcome is in agreement with other studies that showed a higher
maintenance of DBBM granules over time compared to collagenated xenografts [26,30]. It
must be considered that the presence of the biomaterial inside the bone (composite bone)
might interfere with the osseointegration of implants installed both in a simultaneous [51] or
delayed fashion [46–49]. In a rabbit experiment [51], implants were placed simultaneously
with sinus augmentation performed with a non-collagenated xenograft. Granules of the
biomaterial were found in contact with the implant surface in percentages ranging between
1.7% and 3.6%. Biopsies of mini-implants installed 6 months after sinus floor elevation were
collected from humans after a further 3 months of healing [46–49]. The implant surface
was found to be in contact with granules of biomaterials that hampered the growth of
newly formed bone on the implant surface. The percentages presented a large range when
a collagenated xenograft was used (0.6 to 15.9%) [47–49] but reached 25.1% to 27.2% when
a non-collagenated xenograft was used [46].

Higher amounts of soft tissue were found in the collagenated group than in the DBBM
group, with a statistically significant difference after 8 weeks in all regions. This tissue
was mainly composed of marrow spaces in the bone wall region and, in the middle and
submucosa regions, by provisional matrix that was not yet completely involved in the
remodeling process (Figure 5A, B).

In the present study, the percentage of osteoclastic zones was higher in the collagenated
group than in the DBBM group, which is in accordance with the different levels of resorption
of the biomaterial in the two groups. The highest percentages of resorptive zones were
observed after 4 weeks of healing in the collagenated group, especially in the sub-mucosa
region. Considering the tendency of the sinus to regain its original size [6–8,28,33,34],
the higher rate of graft resorption in the collagenated group than in the DBBM group
contributed to the greater loss of dimension of the elevated space observed in the former
than in the latter.

In the DBBM group, the proportion of vessels decreased between 2 and 8 weeks,
while in the collagenated group, the content in vessels continuously increased, which
might influence healing. Blood provides nutrients, gas exchange, immune system cells,
mesenchymal stem cells, and growth factors [52–54]. It has been shown that various
biomaterials, including xenogeneic grafts, were associated pro-angiogenic effect and an
increased expression of various grow factors [53].

The higher content of inflammatory infiltrates, although limited in dimension, in
the collagenated group than in the DBBM group was related to higher xenograft resorp-
tion in the former than in the latter. The present study did not include gene expression
analysis. Nevertheless, it should be considered that lymphocytes play an important role
in the immune system and determine the specificity of the immune response following
infections [55]. Damage to the bone triggers the immune response and the activation of
neutrophils, mast cells, monocytes, and macrophages [56]. It has been shown in mice
that the absence of lymphocytes B and T compromises bone regeneration in fractures [57].
In an experiment in rabbit femurs [58], gene expression analysis was performed around
implants and in sham sites. Upregulation of the immune system and downregulation of
bone resorption markers were observed at the implant sites compared with the sham sites.

The present study also demonstrated differences in bone formation and graft resorp-
tion between collagenated and non-collagenated xenografts. DBBM presented a very low
rate of resorption, and the bone was formed in close contact with the granules of the graft
that were interconnected by a bridge of newly formed bone. Bone formation in rabbits
was similar to that described in a previous study [26]. In the early stages of healing, the
DBBM granules were surrounded by dense tissue, whereas loose tissue filled the spaces
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among the granules. Over time, the dense tissue was replaced by new bone in contact
with the graft surface, whereas the loose tissue was replaced by primitive marrow spaces.
The collagenated graft showed mixed characteristics, including bone formation around
graft granules, similar to DBBM, and sites with several osteoclastic zones engendering an
extensive graft resorption similar to that shown for autogenous bone [59].

The surgical procedures performed in the experiments included in the present study
were conducted under sterile conditions, although such conditions could not be completely
obtained in the oral environment. Nevertheless, it might help to reduce the possible
contamination of instruments, biomaterials, and the operative field [60,61]. Technologies
and procedures may be implemented with the aim of better sterilizing the operating field
and improving healing [62].

Further studies that include longer healing periods and the evaluation of different
biomaterials may be performed. Synthetic biomaterials should be studied further. In fact,
the increased demand for bone regeneration, as well as the morbidity of the donor sites for
autogenous bone, the possible presence of prions within xenogenous grafts, and patients’
religious beliefs have increased interest in studying synthetic (alloplastic) materials. Among
them, biphasic β-tricalcium phosphate/hydroxyapatite (β-TCP/HA) and bioactive glasses
presented interesting results. It was recently showed that at β-TCP/HA graft new bone
was not only surrounding the particles but also spreading inward them forming a structure
called by the authors “interpenetrating bone network” [63]. Bioactive glasses have also
been widely used in maxillofacial surgery, providing interesting results in bone formation,
even better than those obtained with other synthetic biomaterials [64].

In the present study, two experiments were selected for homogeneity in methodology.
The experiments were performed in the same laboratory by the same research group. The
healing periods were similar, and histological slides were prepared in the same laboratory
using the same methods and analyzed by the same expert assessor. To increase homogeneity,
only one sinus was used for each experiment, that is, with the small granules in the DBBM
experiment (DBBM group) and that with the access window prepared with drills in the
collagenated porcine xenograft experiment (collagenated group). In turn, this means that
both access windows were prepared using drills.

Despite efforts to increase the homogeneity of the methodology, various limitations
must be mentioned. The dimensions of the two access windows were slightly different:
3.5 mm × 6 mm (21 mm2) in the non-collagenated group and 4 mm × 4 mm (16 mm2) in the
DBBM group. However, access windows of 18 mm2 and 30 mm2 did not show differences
in bone formation in a similar study in rabbits [65]. The different collagen membranes that
covered the osteotomies in the two experiments might be considered another limitation of the
study. However, it is unlikely that this difference affected the healing of the internal sides of
the elevated spaces. This has been substantiated by both animal [66] and human [46] studies.
The model used should also be considered as a limitation. In fact, when interpreting the
results of the present study to humans, the different speeds of healing are an important topic
to be considered [67]. Other important limitations are the short period of evaluation and the
selection of material from previous studies, even though efforts were made to maintain a high
homogeneity between the two studies.

5. Conclusions

The present study showed that both xenografts allowed new bone formation. In
comparison with a non-collagenated xenograft, a collagenated xenograft underwent higher
resorption, resulting in greater shrinkage of the elevated space after sinus lifting and a
higher content of new bone in the regions close to the bone walls. However, considering
the limitations of the present study, the results should be interpreted with caution.
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Abstract: Background: It has been shown in rabbit models that the sinus mucosa in contact with
graft particles might experience a progressive thinning and perforations. The phenomenon depends
on the graft used. Hence, the aim of the present study was to compare the damaging effects of
a synthetic of a xenogeneic graft. Methods: Forty New Zealand rabbits received a bilateral sinus
elevation. Both sinuses of twenty rabbits were grafted with a biphasic 60% hydroxyapatite and 40%
β-tricalcium phosphate while the other twenty received a deproteinized bovine bone mineral graft.
Thinned sites (<40 μm) and perforations on the mucosa in contact with graft particles were evaluated
after 2 and 10 weeks (ten animals each period). The width of the pseudostratified epithelium was
also measured as control. Results: After 2 weeks of healing, 61 thinned sites were detected in the
Synthetic group and 49 in the Xenogeneic group. After 10 weeks, the number of thinned mucosae
increased to 79 sites in the Synthetic group (p = 0.222 between periods), and to 114 sites in the
Xenogeneic group (p = 0.030 between groups; p = 0.001 between periods). Perforations were few in
the 2-week period, two in two sinuses out of 20 in the Synthetic group, and four in two sinuses out
of 20 in the Xenogeneic group (p = 0.721). In the 10-week period, the perforations increased to eight
in the Synthetic group, distributed in six sinuses out of 20, and to sixteen in the Xenogeneic group,
distributed in 11 sinuses out of 20 (p = 0.082). The pseudostratified epithelium presented a reduced
width at the thinned sites. Conclusions: The contact with synthetic or xenogeneic grafts will induce
thinning and possible perforations of the sinus mucosa. This effect will increase over time, and it is
stronger at the xenogeneic than the synthetic graft.

Keywords: animal study; sinus floor elevation; bone healing; Schneiderian membrane; histology;
sinus mucosa perforation

1. Introduction

The lateral approach for sinus floor elevation has been well documented in literature,
resulting in a high success rate [1,2]. Like any surgical technique, this can also present
complications, the most frequent being the perforation of the sinus mucosa [3,4]. The
perforations might occur during sinus mucosa elevation, grafting procedure, or implant
installation [5–7]. Perforations might heal spontaneously [6], and it was not considered
a risk factor for dental implant survival in a systematic review with meta-analysis [8].
Nevertheless, sinusitis has been associated with biomaterial extruded into the sinus [8–12],
an event that induced some surgeons to remove the extruded graft from the sinus cavity [11,12].

However, it has recently been demonstrated in experiments in rabbits that the sinus
mucosa in contact with graft particles might become thinner over time and eventually
perforate [13–15]. It has also been shown that the number of thinned and perforated sites
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depends on the characteristics of the biomaterial in contact with the sinus mucosa [13,15].
In an experiment in rabbits, sinus augmentation was performed bilaterally using either
autogenous bone or a deproteinized bovine bone mineral [13]. Implants were also installed
simultaneously. After 40 days of healing, due to the higher resorption rate of the autogenous
compared to the xenograft grafts, only one thinned site (width <40 μm) and no perforations
were found at the sinus mucosa in contact with autogenous grafts, while 96 thinned sites
and three perforations were observed at the sinus mucosa in contact with the xenograft
particles. A direct contact with the implant apex and threads may also result in perforations
of the sinus mucosa [13,16]. Due to the results of these reports, further evaluations should
be performed aiming to find the biomaterial that elicits the lower damage to the sinus
mucosa. Hence, the aim of the present study was to compare the damaging effects on the
sinus mucosa of a synthetic and a xenogeneic graft.

2. Materials and Methods

2.1. Ethical Statements

Two experiments on sinus floor augmentation in rabbits using a synthetic or a xeno-
geneic graft were evaluated. The experimental protocols were approved by the Ethical
Committee of the Faculty of Dentistry of Ribeirão Preto, University of São Paulo (Synthetic
study: 2018.1.454.58.2, approved on 19 September 2018; Xenogeneic study: protocol No
2018.1.10.58.7, approved on 21 March 2018). The article was written according to the
ARRIVE guidelines. The Brazilian rules for animal care were accurately followed.

2.2. Study Design

Maxillary sinus augmentation was carried out bilaterally in rabbits. A biphasic hy-
droxyapatite and beta-tricalcium phosphate (HA β-TCP) in the synthetic study, and a
deproteinized bovine bone mineral (DBBM) in the xenogeneic study, were used as grafts.
Both biomaterials were treated with argon plasma at the test sites while no treatments were
provided to the grafts used at the control sites. Sinus mucosa thinning and perforations
were assessed. The histomorphometric data describing the healing within the elevated
regions were reported elsewhere [17,18].

2.3. Experimental Animals

In each experiment, twenty albino New Zealand rabbits, ~3.5–4 kg of weight and
5–6 months old, were used. Two groups composed of 10 animals were obtained in each
experiment and euthanized after 2 or 10 weeks from surgery, respectively.

2.4. Biomaterials

Two grafts have been evaluated: a synthetic group: GUIDOR Calc-i-oss CRYSTAL+
(Sunstar, Etoy, Switzerland) composed of 60% hydroxyapatite and 40% β-tricalcium phos-
phate irregular-shaped granules with dimensions of 0.450–1.0 mm; and a xenogeneic group:
Bio-Oss® (granules 0.250–1.0 mm; Geistlich Biomaterial, Wolhusen, Switzerland) composed
of a bovine inorganic, porous hydroxyapatite from cancellous bone deproteinized at a
temperature of 300 ◦C.

2.5. Sample Size

The sample size was determined based on the number of thinning mucosa sites in
contact with the biomaterials after 40 days of healing reported by a previously discussed
study in rabbits [13]. The determined effect size was 2.983. Applying an α = 0.05, a
power of 0.9, four animals each group were obtained. A slower resorption of the synthetic
biomaterial used in the present study compared to autogenous bone used in that study
used for calculation [13] might increase the number of thinning sites, decreasing the
difference with the xenogeneic graft. Hence, ten instead of four animals for each group
were considered sufficient to reject the null hypothesis that the population means of the
two groups are equal.
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2.6. Randomization and Allocation Concealment

The randomization plan was applied originally for the argon plasma treatment in both
studies. The histological assessor was not informed before measurement about a possible
comparison of the data between the two different studies. Mean values or sum of the data
were used for the two sinuses of each rabbit so that the animal was the statistical unit used
for analyses.

2.7. Clinical Procedures

The anesthetic and surgical procedures were similar in both experiments. Briefly,
acepromazine (1.0 mg/kg, Acepran®, Vetnil, Louveira, São Paulo, Brazil) subcutaneously
and xylazine (3.0 mg/Kg, Dopaser®, Hertape Calier, Juatuba, Minas Gerais, Brazil) and ke-
tamine hydrochloride (50mg/kg, Ketamin Agener, União Química Farmacêutica Nacional
S/A, Embu-Guaçú, São Paulo, Brazil) intramuscular were administrated. The rabbit’s
muzzle was shaved and disinfected. An incision was performed in the midline of the
nasal dorsum by expert surgeons, and the nasal bone was exposed. Osteotomies were
prepared using trephines and drills. A small screw was applied in the nasal-incisal suture
as a reference for histological process. The sinus mucosa was elevated, and the biomaterial
was grafted into the sub-antral spaces. The access windows were subsequently covered
using a collagen membrane (Bio-Gide, Geistlich Biomaterial, Wolhusen, LU, Switzerland).
For more details, see the previous published articles [17,18].

2.8. Euthanasia

The rabbits were first anesthetized, and euthanasia was performed in a closed transparent
acrylic box containing gas carbon dioxide (CO2) or an overdose of sodium thiopental (1.0 g,
2 mL, Thiopentax®, Cristália Produtos Químicos Farmacêuticos, Itapira, São Paulo, Brazil).

2.9. Housing and Husbandry

The animals were kept in individual cages in a climatized room with access to food
and water ad libitum. The biological functions and the wounds were checked daily by
specialized operators for the whole period of the experiment. A prophylactic dose of
oxytetracycline dehydrate (40 mg/kg, IM, Terramicina LA, Zoetis Indústria e Produtos
Veterinários, Campinas, São Paulo, Brazil) and, postoperatively, ketoprofen (3.0 mg/kg, IM.,
Ketofen 1%, Merial, Monte-Mor, Sao Paulo, Brazil) and tramadol hydrochloride (Tramadol
2%, 1.0 mg/kg, SC., Cronidor, Agener União Saúde Animal, Apucarana, Parana, Brazil) for
2 days were administrated.

2.10. Histological Preparation

After fixation with formalin, the biopsies were dehydrated and then embedded in
resin (LR White™ hard grid, London Resin Co., Ltd., Berkshire, UK) and polymerized.
Two grounds sections representing the central region of the sinuses were obtained using
a cutting and grinding equipment (Exakt®, Apparatebau, Norderstedt, Germany). The
sections were stained with either Stevenel’s blue and alizarin red or toluidine blue.

2.11. Calibration for Histometric Evaluations

All measurements were carried out by an assessor (S.M.) after a training with an
expert (D.B.). The intra-rater reliability in the measurements of the sinus mucosa width
and perforation dimensions was K > 0.90.

2.12. Histological Analyses

The pristine mucosa was measured at the medial and lateral sinus walls in regions
not included in the elevated area. A mean value of the two measurements was used for
comparisons with the thinned sites.
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The number and the width of the elevated sinus mucosa in close contact with the graft
granules was measured, and all measurements <40 μm were recorded. The number and
dimensions of the sinus mucosa perforations at the graft granules were also assessed.

2.13. Experimental Outcomes and Statistical Methods

The Wilcoxon test was used for dependent variables while a Mann–Whitney test was
applied for independent variables. The software Prism 9.4.1 (GraphPad Software, LLC,
San Diego, CA, USA) was used for statistical analyses.

3. Results

3.1. Clinical Outcomes

One sinus of the 2-week xenogeneic group presented a small perforation of ~0.5 mm
that was protected with a small piece of collagen membrane. No complications were
observed during healing in any group. At the time of histomorphometric analysis presented
in a previous paper, one biopsy of the 10-week synthetic groups was not available for
analysis due to technical problems. However, for the present analysis, the histological slide
was available for analysis allowing n = 10 for all groups and periods.

3.2. Descriptive Histological Evaluation

Several thinned mucosa sites (<40 μm) were identified in both groups (Figure 1a,b).

  
(a) (b) 

Figure 1. (a) Synthetic site: Stevenel’s blue and alizarin red stain. (b) Xenogeneic site: toluidine blue
stain. Note the progressive decrease in width of both sinus mucosae and pseudostratified epithelia.
A loss of cilia is evident in the thinnest sites on both biomaterials. While the process of resorption
has a minimal impact on the xenogeneic graft, the synthetic graft has undergone a process already
described as an interpenetrating bone network [18] characterized by concurrent bone formation
within the biomaterial structure during its resorption.

The number of such sites was slightly higher in the synthetic compared to the xeno-
geneic groups in the 2-week period. However, that condition was reversed in the 10-week
period due to a vast increase in the xenogeneic group of the number of thinned sites.
The thinned sites were characterized by a tight contact towards the biomaterial granules
resulting in a progressive damage to the sinus mucosa. In the initial stages, only the lamina
propria was involved in histological modification, presenting vessels and mucosal glands
displaced and deformed as if pressed against the granules surface (Figure 2a,b).

In the more advanced stages, the pseudostratified epithelium decreased in width,
presenting a progressive loss of globet cells and cilias. In some cases, only a very thin layer
of epithelial cells or connective tissue were limiting the direct continuity with the sinus
cavity (Figures 1 and 2). The thinned sites were generally devoid of inflammatory infiltrates.

Few perforations were observed in the 2-week period, while the number was found
increased considerably in the 10-week period, especially in the xenogeneic group. A tapered
epithelium was generally bordering the exposed surface of the granules in a manner to
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maintain the integrity of the underlying tissues (Figure 3a–d). Several sites presented few
inflammatory cells, while, in other cases, the infiltrates were more evident.

  
(a) (b) 

Figure 2. (a,b) Xenogeneic sites presenting displacement of mucosal glands and vessels. A progressive
thinning of sinus mucosa and pseudostratified epithelium was observed in several sites in close
contact with the biomaterial granules. Note the new bone apposition on the biomaterial surface in
sites opposite to the sinus mucosa.

Figure 3. (a,b,d) Xenogeneic sites; (c) synthetic site. Note a tapered epithelium bordering the exposed
surface of the granules in a manner to maintain the integrity of the underlying tissues.

3.3. Histometric Assessments

The mean width of the pristine sinus mucosa ranged between 73 μm and 96 μm. None
of the pristine mucosa evaluated presented a width <40 μm. After 2 weeks of healing,
61 thinned sites were detected in the Synthetic group, presenting a mean width of 21 μm
(Figure 4). In the Xenogeneic group, the sites were 49 (p = 0.537 between group) with a
mean width of 20 μm (p = 0.561). After 10 weeks, the number of thinned mucosae increased
to 79 sites in the Synthetic group (p = 0.222 between periods) maintaining the same mean
width, and to 114 sites in the Xenogeneic group (p = 0.030 between groups; p = 0.001
between periods) presenting a mean width of 17 μm (p = 0.070 between groups; p = 0.105
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between periods). The number of sites presenting a width <10 μm and <20 μm increased
between 2 and 10 weeks (Figure 5).

 

Figure 4. Number of thinned sites in the synthetic and xenogeneic groups after 2 and 10 weeks of
healing. * = p < 0.05.

 

Figure 5. Number of sites presenting sinus mucosa width <10 μm or <20 μm in both synthetic and
xenogeneic groups after 2 and 10 weeks of healing.

The pseudo-stratified epithelium at the thinned sites was also thinner compared to
the pristine mucosa. The mean values of the pristine epithelium range between 18–20 μm
while those at the thinned sites were 12–13 μm (Figure 6). The cilia were not considered
in the measurements. The differences between pristine and thinned mucosa were statisti-
cally significant for both groups and periods (p < 0.01) while no differences were found
between groups.

There were few perforations were in the 2-week period (Figure 7), two in two sinuses
in the Synthetic group, and four in two sinuses in the Xenogeneic group (p = 0.721). In the
10-week period, the perforations increased by 4 in both groups so that eight perforations
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were detected in the Synthetic group, distributed in 6 sinuses out of 20, and sixteen in the
Xenogeneic group distributed in 11 sinuses out of 20 (p = 0.082). The difference between
periods was statistically significant only for the Xenogeneic group (p = 0.020). The mean
dimension of the perforations was 171 ± 133 μm for the Synthetic group and 123 ± 47 for
the Xenogeneic group.

 
Figure 6. Pseudostratified epithelium width at the pristine not elevated region and at the thinned
sites. * = p < 0.05.

 

Figure 7. Number of perforations in both the synthetic and xenogeneic groups after 2 and 10 days of
healing. * = p < 0.05.

4. Discussion

The aim of the present study was to compare the damaging effects on the sinus mucosa
after sinus augmentation produced by synthetic or xenogeneic biomaterials used as grafts.
It was seen that a close contact with the granules of the biomaterial resulted in thinning of
the mucosa (<40 μm of width) and of the pseudostratified epithelium as well as perforations
of the sinus mucosa. Both thinning and perforations of the mucosa increased between 2
and 10 weeks of healing.

The results are in agreement with other previous experimental studies in rabbits that
showed similar damages to the sinus mucosa produced by biomaterials (13–15) or im-
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plants [13,16]. Similarly, in the present study, the thinned mucosa sites and the perforations
were mostly located against sharpened edges of the biomaterial that were protruding
beyond the dome shape of the elevated space. The results after 2 weeks cannot exclude
that the pressure applied to the biomaterial during grafting might have influenced both
perforations and thinning of the sinus mucosa. Nevertheless, the increased number of
thinning sites and perforations over time related to the tendency of the sinus to regain
its dimensions [19–21]. This will result in a forced repositioning of the sinus mucosa
onto the elevated space, thoroughly delimiting its outline. It is on the periphery of the
elevated space that the sinus mucosa will result in contact with graft. Especially when
the granules’ projections protrude beyond the outline of the elevated space, the mucosa
might be involved in the thinning process. The tissues compressed against the edges of the
granules will react over time, starting with a displacement of vessels and mucosa glands,
followed by thinning of the pseudostratified epithelium with loss of globet cells and cilias.
Eventually, the mucosa will be perforated. Interestingly, at the perforation sites, the sinus
mucosa appears to surround the exposed surface with a tapered epithelium completely.
This represents a physiological reaction of the mucosa aiming to maintain secured the
internal environment, as already described in previously published articles describing the
effect on sinus mucosa of biomaterials [13–15] and implants [13,16]. However, with the
progression of the exposure, the sinus mucosa will grow around the graft to complete its
expulsion and regain continuity behind the granule.

The results from the present study showed that, after 10 weeks, the number of thinning
sites and perforations was higher for the Xenogeneic group compared to the Synthetic
group. This might be related to the different conformation of the surface of the granules,
but also the way that the granules are resorbed or integrated into the newly form tissues
within the elevated space. The xenogeneic graft used in the present study remains al-
most not resorbed during the first period of healing so that new bone will grow onto its
surface [22–25], resulting in an osseointegration of the graft. The synthetic material used
is instead partly resorbed and partly penetrated by newly formed bone. This event will
conduce to the formation of a composite mixture of graft residual and bone that has been
called “interpenetrating bone network” [18]. Both factors described above might have of-
fered a certain degree of protection to the synthetic material from thinning and perforation
events. Another experiment showed the importance of the biomaterial characteristics on
the sinus mucosa damaging. Either autogenous bone or a xenogeneic graft was used for
sinus augmentation in rabbits [13]. After 40 days of healing, only one thinning mucosa site
and no perforations were detected in the autogenous group. Conversely, in the xenogeneic
group, 96 thinned sites and three perforations in two sinuses out of six were observed.

It has to be considered that the corticalization of the new sinus floor subjacent the
elevated sinus mucosa was not observed yet after 10 weeks. The formation of this layer
of corticalized bone might protect from further perforations. In humans, a total or partial
corticalization have been verified in 30% to 75% of cases after 9 months of healing [26–29].

The limitations of the present study are related to the smaller dimensions and thin-
ner mucosa in rabbits compared to humans. The grafts appear huge in relation to the
dimensions and the mucosa presents a width of ~80 μm. A histological analysis in human
reported widths ranging between 0.45 and 1 mm [30]. A CBCT analysis [31] on eighty-eight
sinuses programmed for sinus floor elevation reported a mean width of the sinus mucosa
of 2 mm. However, thirty sinuses presented a width < 1 mm, the thinnest being 0.4 mm.
It cannot be excluded that, over time, the thinnest sinus mucosa in human might also be
damaged by the contact to sharpen projections of not resorbed grafts, resulting eventually
in perforations. The sinus mucosa showed repairing processes around the exposed graft
that might result in the expulsion of the graft into the sinus cavity with complete restora-
tion of the continuity of the sinus mucosa. The granule might be eliminated through the
ostium/infundibulum preventing infective sinusal problems. The extrusion of biomaterial
into the sinuses has been reported both during the surgical procedure [6,7] or at a later
stage requiring the removal of the graft sometimes [11,32]. Complications might be associ-
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ated with sinus floor elevation [33]. Short implants have been shown to represent a valid
alternative, exhibiting lower marginal bone loss compared to standard-length implants and
similar survival rate [34].

5. Conclusions

In conclusion, the contact with xenogeneic or synthetic grafts will induce thinning
and possible perforation of the sinus mucosa. This effect will increase over time, and it is
stronger at the xenogeneic than the synthetic graft.
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Abstract: This work aims at the development and characterization of fluorapatite coatings, inno-
vatively prepared by the hydrothermal method, aiming for enhanced osseointegration of titanium
implants. Fluoride-containing coatings were prepared and characterized by scanning and transmis-
sion electron microscopy, Fourier-transform infrared spectroscopy—attenuated total reflectance, and
X-ray photoelectron spectroscopy. The biological response was characterized by microtomographic
evaluation and histomorphometric analysis upon orthotopic implantation in a translational rabbit
experimental model. Physic-chemical analysis revealed the inclusion of fluoride in the apatite lattice
with fluorapatite formation, associated with the presence of citrate species. The in vivo biologi-
cal assessment of coated implants revealed an enhanced bone formation process—with increased
bone-to-implant contact and bone volume. The attained enhancement of the osteogenic process may
be attributable to the conjoined modulatory activity of selected fluoride and citrate levels within
the produced coatings. In this regard, the production of fluorapatite coatings with citrate, through
the hydrothermal method, entails a promising approach for enhanced osseointegration in implant
dentistry and orthopedic applications.
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1. Introduction

Titanium-based alloys have taken the frontline of reference biomaterials for orthope-
dic, maxillofacial, and dental therapeutic applications, aiming for bone healing and/or
fixation, given the appropriate mechanical, chemical, and biological properties [1]. These
include a high strength-to-weight ratio, high yield, and fatigue resistance, as well as an
adequate biological response [2]. By and large, the major limitations of titanium-based
materials for bone application rely on the potential feeble osseointegration—particularly in
aged and disease-affected individuals—which may culminate into interfacial displacement
between the implant and the adjacent bone; and the release of metallic cations with poten-
tial local and/or systemic toxicity [3,4]. To heighten the implants’ functionality, coating
applications—and specifically those with bioactive ceramic materials such as hydroxya-
patite (HA)—have been developed, aiming for improved construct stability, long-term
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functionality, and decreased corrosion [5]. Bioceramic coatings show an effective osteocon-
duction and potential osteoinductive ability, translated into enhanced bioactivity with the
human bone tissue [6].

The vast majority of clinically developed bioceramic coating strategies rely on plasma-
spraying methodologies. Nevertheless, this coating approach may originate in structural
and phase discrepancies—elapsing from the high processing temperature—that create a
thick (30–100 μm), highly crystalline, non-uniform coating, and consequently, dissimilar
surficial resorption and biofunctionality, as well as a reduction in the interfacial coating-
substrate strength [7–9]. In the present study, an alternative coating methodology—the
hydrothermal method—was used as a simple, scalable, cost-effective, environmentally
friendly, and versatile process [9,10]. In addition, it can produce homogeneous coatings
on complex-shaped substrates—such as threaded dental implants, with defined chemical
composition and crystallinity similar to that of mineral bone tissue [11].

In previous reports, the research team established, characterized, and optimized
the production of pure-phase HA through this methodology [11]. Aiming for improved
bioactivity, the addition of fluoride (F−) to the HA lattice, allowing the formation of
fluorapatite via hydroxyl substitution, was innovatively assayed in the present study.
The fluoride substitution was described to increase the density and reduce the solubility
of the bioceramic [12], further improving the biological response within the bone tissue
through the release of fluoride ions capable of increasing osteoblastic proliferation and
differentiation [13,14]. Notwithstanding, fluoride content needs to be precisely balanced
within the materials’ composition, as a high fluoride release may be cytotoxic to bone cells
and ultimately impair the bone healing/regeneration process [13,15].

Accordingly, this work aims at the preparation and characterization of fluorapatite
coatings by the hydrothermal method, with distinct fluoride contents. Coatings were
deposited over commercially available titanium implants and, as a proof-of-concept, the
biological response of the constructs was evaluated upon surgical implantation within the
rabbit proximal tibia and a microtomographic and histomorphometric analysis, at distinct
time points.

2. Materials and Methods

2.1. Preparation and Characterization of Fluorapatite-Coated Titanium Implants
2.1.1. Implants

Commercially pure titanium Grade 4 implants, AnyRidge® 4 × 7 mm, kindly donated
by MegaGen (Seoul, Korea), were used as substrates for coating deposition. Implants were
cleaned with water and acetone and placed inside the autoclave until further preparation.

2.1.2. Synthesis of the Hydroxyapatite and Fluorapatite Coatings by the Hydrothermal Method

The hydroxyapatite and fluorapatite coating solutions were produced following the
previously described precipitation method [11]. Briefly, a 0.6 M aqueous solution of citric
acid (C6H8O7·H2O, 99.5%), with a pH of 8.0, was prepared with ammonium solution (NH4,
25%). Then, a 0.2 M solution of calcium nitrate ((CaNO3)2·4H2O, 99%) was added to the
citric acid solution (solution A). Finally, a 0.2 M, 0.1 M, or 0.01 M solution of ammonium
hydrogen phosphate ((NH4)2HPO4) was added, dropwise, to solution A, together with a
0.2 M, 0.1 M, or 0.01 M solution of ammonium fluoride, to obtain the hydroxyapatite coating
and two coating solutions with different concentrations of F ions. Finally, the prepared
solutions were immediately transferred to a Teflon vessel and placed in the autoclave. The
sealed autoclave was set up to 180 ◦C for 4 h; and the coated implants were named HA, F
0.1, and F 0.01, respectively.

2.1.3. Physical and Chemical Characterization

The morphology of the developed coatings was evaluated using a scanning electron
microscope JEOL-JSM7001F, at an operating voltage of 20 kV. The chemical composition of
the coatings was determined using an X-ray energy dispersive spectrometer (EDS) analysis.
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The particle size of the F 0.1 coating was studied using a Transmission Electron Microscope
(TEM) (Hitachi H-8100-NA with an acceleration voltage of 200 kV). Before imaging, F
0.1 coating particles were detached from the titanium substrate and dispersed in ethanol.
Then, the suspension particles were placed on the carbon-coated copper grid and dried at
room temperature. Attenuated total reflectance (FTIR-ATR) spectroscopy using a Nicolet
(Thermo Electron) was used to characterize the functional groups and chemical composition
of the HA, F 0.01, and F 0.1 coating over a range of 650–4000 cm−1 and a resolution of
8 cm−1. X-ray photoelectron spectroscopy (XPS; Kratos Axis Ultra HSA, Aluminum mono,
Eo = 15 kV (90 W) 1 eV per step in a 300 μm × 700 μm area) was used for fluorine, calcium,
and phosphorus content analysis at the surface of the F 0.1 coating.

2.2. Biological Characterization—In Vivo Response to Bone Implantation
2.2.1. Animals

In this study, 8 male New Zealand white rabbits (Oryctolagus cuniculus) weighing
2.9 ± 0.32 kg were acquired from a certified vendor. The sample size was calculated a
priori using G power software (v.3.1.9.6) with the following parameters: significance level
(α) was set at 0.05, statistical power (1-β) was set at 0.8, and the effect size (F) was set
as at 0.5. All procedures were approved by the local Institutional Animal Care and Use
Committee (IACUC), based on standard protocols, under national and European legislation
for experimental animal research—European Directive 2010/63/EU.

Animals were acclimatized for 3 weeks before any experimental manipulation, and
were housed in environmentally enriched individual cages, in a temperature-, humidity-,
and air renewal-controlled room, in a 12 h light-dark cycle. Animals were fed a standard
diet (Mucedola 2RB15) and water ad libitum and were monitored daily throughout the
acclimatization and experimental period. All procedures were conducted in compliance
with the ARRIVE guidelines.

2.2.2. Surgical Procedure

Each animal received a total of 6 implants, three on the proximal left tibia and three
on the proximal right tibia, which were randomly distributed. Of the 8 animals, half were
endorsed for each of the postoperative follow-up periods: 4 and 8 weeks (4 animals per
time point, 8 implants per experimental group per time point; allowing the assessment of
8 samples for each group per time point—n = 8) [16].

Before the surgical implantation, animals were pre-medicated with intramuscular injec-
tions of 1 mg/kg midazolam. Buprenorphine (0.03 mg/kg), administered subcutaneously,
was used for analgesia and continued for 5 days. General anesthesia was achieved upon the
intraperitoneal administration of 25 mg/kg ketamine and 5 mg/kg xylazine. Throughout
the surgical procedure, sterile saline was administered at 10 mL/kg/h while animals were
maintained on a heated surface and carbomer eye gel was administered to prevent ocular
lesions. O2 was administered by a facial mask throughout the surgical procedure.

Following the validation of the anesthetic plane, trichotomy was conducted on both
legs that were aseptically prepared for surgery upon chlorhexidine disinfection. Mepiva-
caine 3% (Scandinibsa, Inibsa) was infiltrated around the incision area and an anteromedial
approach to the proximal tibia was conducted. Briefly, a 4 cm full-thickness incision was
conducted and upon careful periosteum elevation, the tibial bone surface was exposed.
Bone drilling protocol was established as recommended by the manufacturer—lance drill,
followed by 2.0, 2.8, 3.2, and 3.8 mm in diameter drills, marked at 7 mm, with the recom-
mended torque values. Implants were placed using the handpiece connector, at a 30 Ncm
torque. The soft tissues were then closed in layers with absorbable sutures. During the
postoperative recovery, animals were allowed to move freely and were routinely monitored
for behavioral and physiological alterations. The biological response to the placed implants
was evaluated through microtomography, focusing on the bone formation process in the
vicinity of the implants (Figure 1).
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Figure 1. Study design overview.

2.2.3. Microtomographic Evaluation

At 4 and 8 weeks upon implantation, animals were euthanized. Tibiae were dissected,
fixed in alcohol, and scanned using a Skyscan 1276 system (Bruker, Kontich, Belgium) at
100 kV, 200 uA, using an aluminum/copper filter and a resolution of 10 μm. The scans
were performed with a 360◦ rotation, setting a rotation step of 0.2◦ and a framing averaging
of eight.

The reconstruction of the obtained projection images was performed with the NRecon
software (Bruker, version 1.7.4.2) with fixing parameters, such as bean hardening (16%),
ring artifact reduction (0), and minimum/maximum for CS to image conversion of 0.0 to
0.07. Subsequently, implants were aligned along the coronal axis and isolated from each
other using DataViewer software (Bruker, version 1.5.6.3). Three-dimensional images were
obtained using CTVox software (Bruker, version 3.3.0).

Morphological analysis of the bone around implants was performed using the CT-
Analyser software (Bruker, version 1.17.7.2) following the guidelines from Bruker [17].
Briefly, an anatomical reference was selected in the upper portion of the implant, and
a fixed height of 1.5 mm was set. Then, the implants were isolated from the bone and
other anatomical structures by the binary selection, and a ring of 20 pixels of thickness
was drawn around the implant frame, to define the region of interest (ROI). Finally, the
images were reloaded and binary thresholding was set to isolate the implant and the bone
from the rest of the anatomical structures. The defined bone inside the ROI was analyzed
three-dimensionally (bone volume (BV), bone volume fraction (BV/TV), bone surface (BS)),
as well as in a 2D approach (bone-to-implant contact, calculated as the percent intersection
surface (TIS/TS)—the ratio between total intersection surface (TIS), and total surface (TS)).

2.3. Statistical Analysis

Statistical analysis was conducted on the SPSS software (SPSS Statistics 27, Chicago,
IL, USA). Quantitative data are expressed as mean ± standard deviation (SD). The Kruskal-
Wallis nonparametric test was used and differences between groups were considered to be
significant for p < 0.05.
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3. Results and Discussion

3.1. Coating Preparation and Characterization

Figure 2 shows the morphology of HA-, F 0.01-, and F 0.1-coated titanium implants
and an overall view of the uncoated implant is presented in (Figure S1). The HA coating
presents a typical rod-like morphology (Figure 2a) [11]. On the other hand, F 0.01 reveals
a uniform F-distributed coating with a “mud-like” morphology, completely covering the
titanium surface, without evidence of porosity or discontinuities (Figure 2b). Compara-
tively, a morphology change was observed on the surface of F 0.1 (Figure 2c), in which
individual and aggregated F particles were observed in a homogeneous “dumbbell-like”
morphology, further aligned parallelly to the substrate surface (Figure 2d). The average
length of the “dumbbell-like” particles determined by TEM was around 650 ± 20 nm by
250 ± 10 nm (inset Figure 2d). The observed morphology change can be attributed to a
fractal growth of the fluorapatite particles, caused by the large dipolar field along the c axis
of fluorapatite, provided by the presence of citrate ions in the precipitating medium [18,19].
Considering the obtained results, it is reasonable to surmise that citrate molecules have a
strong interaction with the fluorapatite particles’ surface, and conditionate the final mor-
phology of the coating. Moreover, it is known that fluoride ions have a higher affinity
to occupy positions on the hydroxyapatite lattice in comparison to hydroxyl ions, which
enhances thermodynamic stability and decreases the solubility and degradation of the
coating. These modifications are expected to lead to more gradual coating resorption, with
the added reported benefit of increasing the differentiation behavior of osteoblastic cells
and stimulating bone growth, when compared to HA coatings [12,20–22].

For a detailed elemental characterization, EDS mapping analyses were performed
on the F 0.1 coating (Figure 2e–i) and EDS analyses on F 0.01 and HA coating. The
obtained results reveal that fluorine (F) (Figure 2e), calcium (Ca) (Figure 2f), phosphorus
(P) (Figure 2g), oxygen (O) (Figure 2h), and titanium (Ti) (Figure 2i) were homogeneously
distributed over the implant surface. The relative fluoride content of each of the two
coatings (F 0.01 and F 0.1), measured by EDS, revealed that the atomic percentage of
fluorine ions increase from 0.7% on the F 0.01 coating, to 5.08% on the F 0.1. This result
indicates the successful incorporation of F into both coatings. In principle, fluoride ions
should be incorporated through the ionic substitution of hydroxyl ions [23].

Based on the previous hypothesis, ATR-FTIR analyses were performed. The notable
typical absorption bands at 1053 and 1096 cm−1 assigned to stretching vibration of the
phosphate groups [18,24] were detected in the ATR-FTIR spectrum of F 0.01 and F 0.1
(Figure 2j). The absence of the characteristic hydroxyl bands at 632 cm−1, 3571 cm−1,
and the presence of one additional band (due to the high concentration of fluorine at
~740 cm−1, usually attributed to the libration mode of the OH group connected with a
fluoride ion by a hydrogen bond [12,25]) suggests that the formed coating is composed
by fluorapatite [26–28]. In addition, the absorption peaks at 1402 and 1590 cm−1, and a
small absorption peak at 1459 cm−1, observed in the F 0.1 spectrum revealed the presence
of carboxylate groups in the F coating, most probably coming from the citrate species [11].
In addition, according to ATR-FTIR results (Figure 2j), the intensity of carboxylate and
phosphates absorption peaks was increased by the F− incorporation into the coating. In
our previous results [11], it was found that only a weak band associated with carboxylic
groups was observed on the HA coating, while for F-containing coatings, three bands were
observed, which confirms that the coordination mode of the citrate species with the particles
present in the titanium surface is dependent on the ionic composition of the precipitant
medium. In this specific system, the presence of fluoride ions modifies the configuration of
citrate species adsorbed, which could have a strong impact on the biological response [29].
Moreover, according to the literature, the presence of citrate in the precipitation medium
is expected to enhance the substitution of OH− by F− and accelerate the crystallization
process [22].
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Figure 2. SEM images of the surfaces of the HA (a), F 0.01 (b), and F 0.1 (c) coatings obtained by the
hydrothermal method. Magnified SEM image of F 0.1 (corresponding to the square area in (c)) and
TEM image of F 0.1 coating particles (inset) (d). EDS elemental mapping images for F (e), Ca (f), P (g),
O (h), and Ti (i) of the F 0.1 coating surface. ATR-FTIR spectra of the F 0.01 and F 0.1 coatings (j). XPS
of the F 0.1 coating: (k) P 2p, (l) Ca 2p, (m) F 1s, (n) C 1s.

To validate the presence of the fingerprint peak of the fluorapatite structure, XPS
analyses were performed and the results are shown in Figure 2k–n. It can be observed that
all characteristic peaks of fluorapatite, P2p, and Ca2p, at 133.2 and 347.2 eV, respectively [30],
were detected in the F 0.1 coating. Looking in detail, it can be observed one additional
small peak at ~684.3 eV, belonging to F1s, indicating that F− ions were incorporated into
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the fluorapatite lattice structure [31,32]. The F/Ca ratio, calculated directly from the XPS
data, was F/Ca = 0.182. In stoichiometric fluorapatite Ca10(PO4)6F2, the F/Ca ratio should
be, at maximum, 2:10 = 0.2. Considering the obtained ratio, it can be suggested that the
produced fluorapatite is close to stoichiometry. Furthermore, looking at the calculated
Ca/P ratio (~1.83), it turns out that the ratio is higher than the stoichiometric value Ca/P
ratio = 1.67 [31], which may be due to the presence of citrate species on the F-containing
coatings. The presence of the citrate species was confirmed by the three fitted peaks,
corresponding to C1s photoelectrons from carbon bonded to other carbon and/or hydrogen
atoms, carbon singly bonded to oxygen, and carbon in a carboxylate/carboxylic group [11].
Overall, from ATR-FTIR and XPS results, it can be confirmed that the developed F 0.1
coating is composed of fluorapatite.

3.2. Biological Evaluation

The biological characterization of the developed fluorapatite coatings was assayed
in an in vivo translational model of the orthotopic implant placement, within the rabbit’s
proximal tibia. The rabbit has been a popular choice for the evaluation of biomaterials’
biological response, reaching up to around one-third of the published literature on dental
implant-related research [33]. Rabbits reach skeletal maturity at around 6 months of age,
and given the fast bone turnover, allow an early evaluation of the bone tissue response [34].
Tibial implantation permits an adequate bone volume for the surgical placement of up to
three clinically-relevant implants per side, within the range of 3 to 4 mm diameter and
length up to 10 mm, allowing the use of routine characterization techniques to access
osseointegration [35,36]. The thick cortical bone—broadly responsible for the primary
fixation of the implants—also establishes a favorable environment for the early evaluation
of the bone-to-implant interface [34].

The biological response to the developed implant-coated constructs was character-
ized through microtomography. This technique allows a nondestructive 3D imaging and
morphometric analysis of the bone tissue with a very high resolution. Attained datasets
can be used to reconstruct the implant and neighboring bone tissue, further characterizing
tissue parameters in a given region of interest [37–39]. This allows the feasible analysis of
bone tissue 3D parameters (e.g., bone volume (BV), bone volume ratio (BV/TV)), and 2D
parameters (e.g., bone surface (BS)). In addition, information on the interaction between
the implant and the bone tissue (e.g., bone-to-implant contact (BIC)), can also be estimated
given proper data processing to minimize titanium-dependent imaging artifacts [40].

Biological outcomes were evaluated at two time points, 4 and 8 weeks. All animals
recovered adequately during the postoperative period without any complications. At
euthanasia, no signs of clinical alterations (i.e., ulceration, inflammation, infection, or ab-
normal tissue formation) were disclosed within the surgical area, with implants remaining
integrated in situ. At 4 weeks, sectional reconstructions of the microtomographic data
revealed an established cortical bone structure at the coronal aspect of the implant, with
newly formed bone tissue growing along the threads (Figure 3), for all the constructs’
compositions. Quantitative volumetric analysis revealed, as compared to HA (control), a
significantly higher BV for F 0.01 and F 0.1, with the latter being significantly higher than
that of F 0.01. Additionally, F 0.1 presented a significantly higher BV/TV ratio, as compared
to HA and F 0.01. In regard to BS, both fluorapatite compositions presented a significantly
increased level, a trend similarly verified for the BIC analysis.

The 3D reconstructions (Figure 4) substantiated the attained morphometric findings,
presenting an increased bone volume for fluorapatite-containing substrates, with aug-
mented bone surface and, as well, an increased contact area with the implant.

At 8 weeks, a more advanced bone formation process was attained for all conditions,
with increased bone levels at the most coronal region of the implants, extending apically
along the implant surface (Figure 5). Morphometric data revealed increased levels, as
compared to data from the 4 weeks of implantation time (Figure 3). Compared to HA,
fluorapatite coatings presented an increased BV and BS, and the F 0.1 formulation further
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presented an increased BV/TV. Additionally, the BIC was found to be significantly higher
in both F 0.01 and F 0.1, despite the absence of differences between conditions.

Figure 3. Bi-dimensional microtomographic images (left) and histomorphometric data of the coated
constructs—HA, F 0.01, and F 0.1, at the 4 weeks timepoint. Scale bars correspond to 1 mm. p < 0.05;
* significantly different from control; # significantly different from the other experimental group.

 

Figure 4. Representative three-dimensional microtomographic reconstructions of the coated
constructs—HA, F 0.01, and F 0.1, at the 4 weeks timepoint. Scale bars correspond to 1 mm.
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Figure 5. Bi-dimensional microtomographic images (left) and histomorphometric data (right) of the
coated constructs—HA, F 0.01, and F 0.1, at the 8 weeks timepoint. Scale bars correspond to 1 mm.
p < 0.05; * significantly different from control.

The 3D reconstruction of the peri-implant regions at 8 weeks of healing (Figure 6)
corroborates the described findings, with increased bone formation at the coronal region,
particularly within fluorapatite coatings, suggesting an increased mineralized tissue volume
and increased surficial intersection with the implant surface.

 

Figure 6. Representative three-dimensional microtomographic reconstructions of the coated
constructs—HA, F 0.01, and F 0.1, at the 8 weeks timepoint. Scale bars correspond to 1 mm.
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The biological assessment revealed the increased capability of fluorapatite coatings to
enhance bone tissue formation in the vicinity of the implant and to increase the bone-to-
implant contact, at both 4 and 8 weeks of implantation. F 0.1 coating was found to further
induce bone tissue formation at the earliest time point, as compared to F 0.01, in line with
the increased F content. Recently, fluoride-containing apatite coatings have become a topic
of interest in implantology-related research [41]. Hydroxyapatite has long been considered
the bioceramic of choice for bone-related applications, given its biocompatible response,
high affinity to the bone tissue, and ability to induce early osseointegration [42]. Clinical
applicability has, however, been limited by the reported coating delamination and dubious
long-term success [43], associated with the plasma spraying coating technique. The alterna-
tive coating strategy currently employed, hydrothermal synthesis, is expected to surpass
these limitations given the ability to control crystal structure, crystal morphology, and
grain purity of the coating nanoparticles, by adjusting the reaction conditions. In addition,
the coating thickness can reach tens of nanometers and uniform coatings can be prepared
on complex surface shapes using the hydrothermal method. Furthermore, the prepared
calcium phosphate-based coatings have high interfacial bonding strength and density,
which can significantly improve the corrosion resistance of metallic substrates [44,45].

In addition, F-containing apatite coatings have demonstrated an enhanced biological
response and bioactivity, as compared to hydroxyapatite, within distinct preparation and
deposition methodologies [46–48]. Higher thermal stability and mechanical properties
have also been recognized within F-containing apatites [49,50]. In the present study, F-
containing surfaces enhanced bone formation and allowed an increased BIC, with the F 0.1
coating allowing for an enhanced biological outcome. Previous in vitro studies reported
an increased osteoblastic proliferation within distinct F-substituted apatites, as compared
to non-substituted ones [21]—a process that may be associated with the ability of fluorine
to act on relevant cell signaling pathways, as the Jun N-terminal kinase (KNK) and p38
MAPK [51]. Similarly, F-containing substrates were also found to enhance osteoblastic
differentiation, thus upregulating the expression of osteogenesis-related markers such
as alkaline phosphatase and osteocalcin [52]. Mechanistically, this process may relate
to the upregulation of the Wnt signaling pathway via the fluoride-mediated GSK-3β
phosphorylation, or via BMP/Smad signaling, also modulated by fluoride [53,54]. On the
other hand, F was found to diminish the osteoclastic functionality—either directly through
the downregulation of a major transcription factor, NFATc1 [55]; or indirectly, increasing
the expression of the osteoprotegerin decoy receptor, inhibiting the osteoblast-mediated
osteoclast differentiation [56]. This regulation—a decreased bone resorption conjoined
to an increased bone formation, further verified within in vivo models [57], is expected
to accelerate the early osseointegration process and consequently, the overall implant
success rate.

Nevertheless, in addition to the reported beneficial effects on bone metabolism/regeneration,
fluoride may also elicit detrimental effects on bone tissue dynamics, altering cellular
functionality and inducing structural damage, as verified in bone fluorosis [58]. The major
factor determining fluoride-mediated biological outcomes seems to be the amount of
bioavailable F− within the microenvironment [59]. In accordance, both F 0.1 and F 0.01
formulations induced the osteogenic response, with the former outperforming the latter,
demonstrating the adequacy of F levels in the coatings’ composition [60].

Of additional relevance, the identified citrate species are further expected to tailor the
biological outcomes. Citrate is a major component of the bone structure, distributed in two
major pools: collagen-associated and HA-associated citrate [61]; and known to enhance
the biomineralization process. Citrate also seems to play a chelating activity, binding to
important ionic species, such as Mg, Zn, and Ca, constituting a major ionic store in the
bone tissue [62]. Exogenous citrate supplementation has been further found to facilitate
osteogenesis and cellular commitment of precursor populations, favoring the metabolic
changes—switch from aerobic glycolysis to oxidative phosphorylation, needed to meet the
increased energetic requirements determined by the osteogenic differentiation [29,62,63].
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Citrate molecules may further indirectly induce the expression of osteogenic transcription
factors (e.g., RUNX2 and downstream targets) by the stabilization of β-catenin [29,64]. Ac-
cordingly, the presence of citrate species on the produced coatings is expected to synergize
with F to improve the osteogenic response.

Limitations of the present study are broadly related to the characteristics of the selected
experimental model. While rabbits seem to be appealing models for bone research given
the similarity in bone metabolism and Harversian remodeling capability, the anatomical
and structural differences and scarcity of biomechanical data on skeletal functionality
may hinder direct data translational application [65]. Moreover, future studies should
further embrace longer time points of analysis, and embrace orthotopic similarity with
functional biomechanical loading, reaching hand, for instance, of the oral implantation in a
canine model.

4. Conclusions

In the present work, innovative thin ceramic coatings with F− were prepared by the
hydrothermal method and deposited over commercial titanium implants. The physico-
chemical characterization validated the incorporation of F− into the HA lattice through
OH− substitution, leading to the formation of fluorapatite, in association with the pres-
ence of citrate species. Upon in vivo implantation in the bone tissue, fluorapatite-coated
implants presented an enhanced bone formation process at the implant vicinity, with in-
creased bone-to-implant contact, as compared to the control—HA-coated implants. The
attained enhancement in osteogenesis is attributable to the conjoined modulatory activity of
selected F− and citrate levels, within the produced coatings. The production of fluorapatite
coatings with citrate entails a promising approach for enhanced osseointegration in implant
dentistry and orthopedic applications.
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Abstract: Hypertension and estrogen deficiency can affect bone metabolism and therefore increase the
risk of osseointegration. Antihypertensive drugs such as losartan not only control blood pressure but
also enhance bone healing. In addition, alendronate sodium is widely used to treat postmenopausal
osteoporosis. Hence, we evaluated the effect of systemic antihypertensive and local alendronate coted
on implants on osseointegration under hypertensive and estrogen-deficiency conditions. A total of
64 spontaneously hypertensive rats (SHRs) treated with losartan were randomly divided according
to the estrogen-deficiency induction by ovariectomy (OVX) or not (SHAM), and whether the implant
surface was coated with sodium alendronate (ALE) or not, resulting in four groups: SHR SHAM, SHR
SHAM ALE, SHR OVX, and SHR OVX ALE. The removal torque, microcomputed tomography, and
epifluorescence microscopy were the adopted analyses. The hypertensive and estrogen-deficiency
animals presented a lower removal torque even when treated with alendronate on implant surface.
The microcomputed tomography revealed a higher bone volume and bone-to-implant contact in the
SHRs than the SHR OVX rats. Epifluorescence showed a decreased mineral apposition ratio in the
SHR OVX ALE group. The data presented indicate that estrogen deficiency impairs osseointegration
in hypertensive rats; in addition, alendronate coated on the implant surface does not fully reverse
this impaired condition caused by estrogen deficiency.

Keywords: bone; losartan; osseointegration; alendronate; spontaneously hypertensive rats

1. Introduction

Hypertension and osteoporosis are the major causes of mortality and morbidity in
public health, especially due to the increased risks for cardiovascular diseases and bone
fractures [1]. These systemic alterations are more common in postmenopausal women;
moreover, hypertensive females develop osteoporosis more frequently [2]. Osteoporotic
patients are also more associated with hypertension, and there is a possible relation between
hypertension and osteoporosis in diets with low calcium intake [2], mainly due to estrogen
deficiency [3]. Hypertension and estrogen deficiency are responsible for promoting bone
metabolism changes [4–7]. Thus, both of these associated conditions may be at high risk for
impaired osseointegration. Despite the elevated frequency of postmenopausal hypertensive
individuals, peri-implant bone healing under hypertension and estrogen deficiency remains
uncertain. At least, therapeutic strategies must be adopted to improve this compromised
bone metabolism.
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Antihypertensive drugs act to suppress the renin–angiotensin system, prevent vaso-
constriction, and control blood pressure [8]. Additionally, recent studies indicate anti-
hypertensive drugs are capable of acting on the bone metabolism [9–11]. Components
of the renin–angiotensin system play a role in bone [9,12]. Consequently, angiotensin II
(Ang II) increases the bone resorption of osteoclasts by increasing the receptor activator
of nuclear factor-κB ligand (RANKL) [9–11]. Furthermore, Ang II diminishes osteoblasts,
reducing the expression of runt-related transcription factor 2 (RUNX2) and osteocalcin [13].
Conversely, losartan is an angiotensin II receptor type 1 antagonist widely used to control
hypertension [14], which also impacts the bones [9–11]. Anticatabolic effects, such as
improving the mechanical properties of the alveolar bone [15] and decreasing the risks
of fractures from osteoporosis, were found [16,17]. In preclinical studies, losartan has im-
proved bone mineralization and fracture healing [13,18], corroborating with clinical studies
where antihypertensive drugs were stated as responsible for increasing the survival of os-
seointegrated implants [19,20]. Thereby, losartan may provide benefits for osseointegration
in compromised bone conditions by hypertension and estrogen deficiency.

Alendronate sodium is a drug extensively used for osteoporosis; it consists of second-
generation bisphosphonate, classified as an antiresorptive agent [21,22]. This drug can
decrease bone fractures and improve alveolar bone healing [23]. Recent research has shown
increased osseointegration parameters in osteoporosis models treated with alendronate [24].
However, the clinical use of alendronate is still imprecise, since there are side effects, such
as nausea, vomiting, gastrointestinal pain [25], and osteonecrosis of the jaws, after long-
term systemic use [26]. For reducing side effects, alendronate administrated locally has
being one of the most promising therapies [23,24,27]. When it was applied on the implant
surface, alendronate improved the values of bone volume and bone–implant contact [24],
as well as in experimental osteoporosis [28]. Therefore, the local use of alendronate coated
on the implant surface can be a beneficial treatment strategy for implant placement in
hypertensive females with estrogen deficiency. Given the high incidence of hypertension
and osteoporosis especially in females [4], the model of estrogen deficiency by ovariectomy
in spontaneously hypertensive rats was proposed to simulate this challenging clinical
condition for rehabilitation with osseointegrated implants.

2. Materials and Methods

2.1. Study Design and Ethics

This study was sent to the Animal Research Ethics Committee and obtained a favorable
opinion under number 00332-2018. All research procedures have been established according
to the ARRIVE guidelines [29]. A total of 64 female spontaneously hypertensive rats (SHRs),
6 months old, weighing around 300 g, were used. The animals were preserved in cages in a
constant temperature environment (22 ◦C ± 2 ◦C; light control cycle of 12 light hours and
12 h dark) and provided a balanced diet (1.4% Ca and 0.8% Pe, Nuvilab, Curitiba, PR, Brazil).
The rats were separated into four groups according to the estrogen-deficiency induction by
ovariectomy surgery (OVX) or not (SHAM), and whether the implant surface was treated
with sodium alendronate (ALE) or not, resulting in: SHR SHAM, SHR SHAM ALE, SHR
OVX, and SHR OVX ALE. The randomization list was created with a computer-generated
list in Stata 9.0 (StataCorp, College Station, TX, USA).

2.2. Strus Cycle and Ovariectomy Surgery

Before the ovariectomy surgery, it was checked whether the hypertensive rats were
cycling normally. Daily, they were placed in individual cages and 1–2 drops of saline
were introduced into the vagina, then extracted and positioned on a histology slide for
microscopic reading to recognize the phases of the estrous cycle, using the Long and Evans
technique [30]. Rats were used after obtaining 2 to 3 regular estrous cycles. Surgical
removal of both ovaries was performed under anesthesia with 100 mg/kg of ketamine
(Vetaset—Fort Dodge Saúde Animal Ltda., Campinas, São Paulo, Brazil) intramuscularly

191



J. Funct. Biomater. 2023, 14, 471

and 5 mg/kg of xylazine (Dopaser—Laboratório Calier do Brasil Ltda.—Osasco, São Paulo,
Brazil) intraperitoneally.

2.3. Losartan Treatment and Systolic Blood Pressure

Losartan (Biosintetica, São Paulo, Brazil) was administered orally in all groups at
concentrations of 30 mg/kg/day until euthanasia. The losartan treatment started 30 days
after the ovariectomy and 7 days before the implant surgery, and continued after im-
plant placement, extending until the euthanasia. Systolic blood pressure was checked
immediately prior to the implant placement to ensure that the blood pressure was con-
trolled below 150 mmHg. This verification was used to simulate a real control condition,
since uncontrolled hypertension preoperatively contraindicates implant surgery. Here, we
used the tail-cuff indirect plethysmography method with a Physiograph® MK-III-S (Narco
Bio-Sistemas, Houston, TX, USA) according to a prior study [31].

2.4. Treatment of Implants with Sodium Alendronate

The implants were coated using the layer-by-layer technique, in which layers of
polyelectrolyte were added via electrostatic interaction. For a monolayer of alendronate
sodium coating on the implant’s surface, implants were first immersed in a layer of sodium
polystyrene sulfate. Then, the implants were immersed in a layer of titanium dioxide;
finally, the implants were coated with a layer of sodium alendronate at a concentration
of 1 g using electrostatic attraction. The suspension ingredients were blended in accurate
quantities in water-cooled glass vials with a sonicator probe (model XLS-2015, Misonix,
Inc., New York, NY, USA). Each step of the implant’s coating layer followed a previously
described method [32].

2.5. Implant Placement

The implant placement followed an earlier successful bicortical rat-tibia-implant
model [33,34]. For the surgery to place the implants in the tibias, the animals underwent
preoperative fasting for 8 h to be anesthetized with a combination of 100 mg/kg of ketamine
(Vetaset—Fort Dodge Saúde Animal Ltda., Campinas, São Paulo, Brazil) intramuscularly
and 5 mg/kg of xylazine (Dopaser—Laboratório Calier do Brasil Ltda.–Osasco, São Paulo,
Brazil). Mepivacaine hydrochloride (0.3 mL/kg 2% Scandicaine, adrenaline 1: 100,000;
Septodont, Saint-Maur-des-Fosse’s, France) was administered for anesthesia and hemosta-
sis. After anesthesia, the surgical site in the medial tibial portion was shaved and subjected
to topical disinfection with degerming iodine (10% PVPI, Riodeine degermante; Rioquímica,
São José do Rio Preto, SP, Brazil). A 1.5 cm incision was performed, followed by divulsion to
expose the tibial metaphysis. A grade-four titanium implant treated with aluminum oxide
and nitric acid (HNO3, Mendes, Itu, São Paulo, Brazil) was installed in the SHR SHAM
and SHR OVX groups, with dimensions of 2 mm in diameter and 4 mm in length. The
SHR SHAM ALE and SHR OVX ALE groups received the same implants with alendronate
incorporated into their surfaces. With the 1.6 mm diameter reamer coupled to the electric
motor (BLM 600, Driller, São Paulo, SP, Brazil) at a speed of 1000 RPM under isotonic
irrigation of 0.9% sodium chloride (Fisiológico, Laboratórios Biosintética Ltda., Ribeirão
Preto, SP, Brazil), the surgical defect was created for subsequent manual installation of the
implant with a hexagonal digital driver. The wound was sutured in layers, with the deep
layer using absorbable thread (Vycril 4.0, Ethicon, Johnson, São José dos Campos, Brazil)
and the outer layer with monofilament (Nylon 5.0, Ethicon, Johnson, São José dos Campos,
Brazil). In the immediate postoperative, the animals received an injection of intramuscular
pentabiotic (0.1 mg/kg, Fort Dodge Saúde Animal Ltda., Campinas, São Paulo, Brazil) and
sodium dipyrone (1 mg/kg/1 day −1, Ariston Indústrias Químicas e Farmacêuticas Ltda.,
São Paulo, Brazil).

192



J. Funct. Biomater. 2023, 14, 471

2.6. Fluorochrome Application

Twenty-one days after starting losartan treatment, fluorochrome calcein was admin-
istered intramuscularly (20 mg/kg, Sigma Chemical Company, St. Louis, MI, USA). In
addition, alizarin red fluorochrome was used intramuscularly after 28 days (20 mg/kg,
Sigma Chemical Company, St. Louis, MI, USA). The earliest infused calcein fluorochrome
implied calcium deposition in the old bone, and later, the alizarin fluorochrome in the
newly-formed bone, as per a previous study [31,33].

2.7. Euthanasia

All animals were euthanized 60 days after implant installation using a lethal dosage
of anesthetic (60 mg/kg; Tiopental Cristália, Ltda., Itapira, SP, Brazil).

2.8. Analysis
2.8.1. Biomechanical Test

Removal torque was measured using an implant hexagon and a digital torque (torque
meter, Conexão, São Paulo, Brazil). Then, the removal torque of eight tibias per subgroup
was registered with an anticlockwise movement utilized by increasing the force for the
removal torque until the implant turned in the bone at the highest torque point in Newton
centimeters [34].

2.8.2. Computed Microtomography (MicroCT)

The tibias of eight rats per subgroup were removed after euthanasia, fixed in a 10%
formalin solution (Analytical Reagents®, Dinâmica Odonto-Hospitalar Ltda., Catanduva,
SP, Brazil) for 48 h, bathed in running water for 24 h, and stored in 70% alcohol to be
transported until scanned. For scanning, SkyScan microtomography (SkyScan 1272 Bruker
MicroCT, Aatselaar, Belgium, 2003) was used with 9 μm thick slices (50 Kv and 500 μ),
copper and aluminum filters, and a rotation pitch of 0.3 mm. The sequence of images
obtained was three-dimensionally reconstructed using the NRecon software (SkyScan, 2011;
Version 1.6.6.0). In the Data Viewer software (SkyScan, Version 1.4.4 64-bit), the positioning
of all samples in the transverse, longitudinal, and sagittal planes was standardized. Then,
in the CTAnalyzer software (2003-11SkyScan, 2012 Bruker MicroCT Version 1.12.4.0), the
analysis region around the implant was defined in the transverse plane. They were marked
at 50 slices in a proximal direction and 50 slices in a distal direction in the bone in which
the implant was installed, thus totaling a volume of 100 slices (874.3 μm). The CTAnalyzer
software calculated the morphometric value based on the grayscale (threshold). The
threshold used in the analysis was 25–90 shades of gray to delimit the bone formed around
the implants. From the conversion, the software carried out the morphometric calculation
applied to the implant in a transverse direction and provided the parameters of the bone
volume percentage (BV/TV), the amount of bone in contact between the bone and implant
(BIC), the trabecular thickness (Tb.Th), the number of trabeculae (Tb.N), the trabecular
separation (Tb.Sp), and the total porosity (PO TOT). The adopted parameters followed
the guidelines provided by the American Society of Bone and Mineral Research [35] and
analyses carried out in previous studies [34]. The microtomographic reconstruction of each
of the samples was performed using the CTvox software (SkyScan, Version 2.7).

2.8.3. Epifluorescence Microscopy

After fixation in formaldehyde 10% for 48 h, the pieces were washed for 24 h in
continuously running water and dehydrated in a gradually increasing order of alcohols.
The specimens were included in a solution at a 1:1 ratio of acetone and methylmethacrylate
(Classical, Dental Articles Classical, São Paulo, SP, Brazil), followed by methylmethacrylate
baths. In the final bath was added benzoyl peroxide (1%, Riedel-de Haen AG, Seelze-
Hannover, Germany). Samples were kept in glass tubing at 37 ◦C for five days. After
polymerization, resin blocks holding the samples were detached from the glass cylinders.
Then, the blocks were cut down to the implant along the tibia longitudinal plane with a
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drill mounted on an electric motor (Strong 210, São Paulo, SP, Brazil). Later, the samples
were ground on politriz (Ecomet 250 pro automate 250, Buchler, Lake Bluff, IL, USA) with
sandpaper (120, 300, 400, 600, 800, and 1200 granules, Carbimet, Buchler, Lake Bluff, IL,
USA) to the thickness of 80 μm, checked by a digital caliper (Mitutoyo, Pompeia, São Paulo,
Brazil). The pieces were mounted on slides submerged in mineral oil (Petrolato liquid,
Maantecor, Taquara, Rio de Janeiro, Brazil).

Later, once the slides were ready, it was possible to capture images of the peri-implant
bone using the confocal laser microscope Leica CTR 4000 CS SPE (Leica Microsystems,
Heidelberg, Germany), using a 10X objective (Original magnification of 100×). Figures
were recreated in a microscope software (Leica CTR 4000 CS SPE, Leica Microsystems,
Heidelberg, Germany). The blue filter was used to visualize the calcein fluorochrome,
shown in green color. The alizarin fluorochrome was revealed in red by the green filter.
The scanned images were analyzed with the Image J software version 1.53 (Image Analyzer
Software, Ontario, ON, Canada). The tool “color selection” was used on each image for
standardizing the hue, saturation, and brightness. The peri-implant bone was detected
in the same location on a unique slide to measure the mineral apposition rate. The daily
value of mineralization was calculated by the distance between the calcein and alizarin,
divided by the 28 days among their applications, resulting in the mineral apposition rate,
as previously reported [31].

2.9. Statistics

The statistics were performed in the GraphPad Prism 9 software (GraphPad Software;
La Jolla, CA; USA). Having obtained all data, first, the homoscedasticity test (Shapiro–Wilk)
was performed, considering p < 0.05 to confirm the distribution of the data in the normality
curve. Thus, the two-way ANOVA test was applied for two independent variables, such
as the systemic condition (SHAM vs. OVX) and the treatment surface with ALE or not,
and one dependent variable, such as the removal torque in Newton per centimeter, as
well as each microtomography parameter (BV/TV; BIC; Tb.Th; Tb.N; Tb.Sp; PO TOT),
mineral apposition rate value in micrometers, and the systolic blood pressure. In case of
a significant relational effect, Sidak’s multiple comparisons test was directed to test all
multiple-treatment groups.

3. Results

3.1. Systolic Blood Pressure

After 7 days of treatment with losartan, all animals obtained the systolic blood pressure
below 150 mmHg preoperatively. This key feature of the target was determined since
untreated hypertensive rats exhibit blood pressure levels above this threshold [31,36,37].
This adopted value reflects the effectiveness of the reduction in blood pressure by losartan
with measurements based on prior studies [31,37]. Antihypertensive drugs have previously
demonstrated to be capable of reducing the blood pressure of hypertensive animals from
171.4 ± 0.6 to 129.3 ± 0.9 mmHg when treated with losartan [31] and from 159.91 ± 7.09 to
114.07 ± 8.07 mmHg when treated with captopril [37]. Therefore, after confirmation that
losartan effectively managed the systolic blood in the preoperative, all animals followed to
the implant-placement surgery.

3.2. Removal Torque Values

Sixty days after implant installation, the torque was measured for all experimental
groups (Figure 1). Before the removal torque test, it was observed clinically that all animals
exhibited stable consolidation of the implants in their tibias. The successful installation
of the implants was confirmed by the removal test and subsequent microtomography
analysis, which showed that all implants demonstrated biomechanical resistance and
peri-implant osteogenesis.
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Figure 1. Biomechanical test of removal torque. Sixty days following implant installation, the removal
torque for each experimental group was: SHR SHAM, SHR SHAM ALE, SHR OVX, and SHR OVX
ALE. The removal torque was augmented until the implant rotated inside the bone and the highest
torque in Newton centimeter (Ncm) was registered. The different uppercase letters indicate significant
statistical differences in the systemic condition of the ovariectomy, comparing both SHAM groups to
OVX groups (p < 0.05).

The removal torque increased until the implant turned within the bone, and the peak
strength value was recorded. In evaluating the values, the SHR SHAM ALE group obtained
the highest average of 7.2 Ncm. The SHR SHAM group achieved an average of 5 Ncm,
and the SHR OVX ALE group was 4.7 Ncm. The SHR OVX group obtained the lowest
value with 3.33 Ncm. Having these data, first, the homoscedasticity test (Shapiro–Wilk)
was performed considering a p < 0.05. Thus, the two-way ANOVA test was applied for two
independent variables, the systemic condition and treatment surface, and one dependent
variable, the removal torque. A statistical difference was observed between the systemic
condition in the SHAM vs. OVX groups (p = 0.017).

Thereby, it was first determined whether hypertension and estrogen deficiency neg-
atively affected the resistance against removal by the torque wrench. In support of
this hypothesis, the removal torque was significantly lower in both the SHR OVX and
SHR OVX ALE groups compared to both the SHR SHAM and SHR SHAM ALE groups
(3.33 ± 0.1 Ncm and 4.7 ± 0.3 Ncm vs. 5.0 ± 0.2 Ncm and 7.2 ± 0.3 Ncm; p = 0.017). In the
SHR OVX ALE group, the local alendronate had a tendency toward an elevation in the
removal torque; however, it did not achieve significance (p = 0.55). The biomechanical test
exposed the negative impacts of estrogen deficiency caused by ovariectomy on implant
biomechanical stability in hypertensive rats (Figure 1).

3.3. Microcomputed Tomography Results

The effects of untreated hypertension on the analyzed parameters of microtomography
are already reported in the literature [34]. Untreated hypertension has shown a peri-implant
bone thickness of 0.096 ± 0.003 mm and a BV/TV of about 45% in hypertensive rats [34].
These data were used as a starting point for the present experimental design.

Consistent with the biomechanical outcomes, the systemic condition of estrogen
deficiency by ovariectomy significantly decreased the mean BV/TV in the hypertensive
and ovariectomized rats of both the SHR OVX and SHR OVX ALE groups compared
to the SHR SHAM and SHR SHAM ALE groups (45.6% ± 0.6% and 47.9% ± 0.4% vs.
61.5% ± 0.6% and 64.8% ± 0.6%; p < 0.0001; two-way ANOVA). Also, a statistical difference
was noted between the alendronate groups of the SHR SHAM ALE and SHR OVX ALE
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groups (p = 0018; Sidak’s test). Additionally, the SHR SHAM and SHR OVX groups with
conventional surfaces were statically different (p = 0.0039; Sidak’s test), reinforcing the
systemic condition, and not the implant’s alendronate surface, as the major cause of the
difference when comparing the groups (Figure 2a).

Figure 2. Microcomputerized tomography of peri-implant bone. Morphologic parameters were
calculated and reported as: (a) Bone volume per tissue volume (BV/TV); (b) Bone-to-implant contact;
(c) Trabecular thickness (Tb.Th); (d) Trabecular number (Tb.N.); (e) Trabecular separation (Tb.Sp);
(f) Total porosity. The different uppercase letters indicate a significant statistical difference (p < 0.05)
between systemic conditions. The different lowercase letters denote significant statistical differences
(p < 0.05) between the SHR SHAM and SHR OVX groups with no alendronate surface. The alteration
of symbols “*” and dot represents statistical differences (p < 0.05) between the SHR SHAM ALE and
SHR OVX ALE groups.

Accordingly, the BIC demonstrated the highest value for the SHR SHAM ALE group,
followed by the SHR SHAM group (25 mm ± 0.6 and 22 mm ± 0.4), and both were
statistically different with both OVX groups (p < 0.0001; two-way ANOVA). A statistical
difference between the alendronate groups of SHR SHAM ALE and SHR OVX ALE was
obtained (p = 0.004; Sidak’s test). Also, the SHR SHAM and SHR OVX groups with
conventional surfaces were statically different (p = 0005; Sidak’s test; Figure 2b).

Possibly, the catabolic effect of estrogen deficiency on BV/TV obtained a trend to
recompense by increasing the thickness of the bone trabeculae in the SHR OVX and
SHR OVX ALE animals compared to the SHR SHAM and SHR SHAM ALE controls
(0.22 ± 0.149 mm and 0.21 ± 0.198 mm vs. 0.019 ± 0.003 mm and 0.019 ± 0.003 mm;
*, p = 0.01; two-way ANOVA). Interestingly, the SHR OVX group obtained a statistically
different greater thickness in trabeculae than the SHR SHAM group with conventional
surfaces (p = 0.02; Sidak’s test; Figure 2c).

Nevertheless, the number of bone trabeculae decreased in both OVX groups compared
to both SHAM groups (p < 0.0001; two-way ANOVA; Figure 2d). The catabolic changes by
estrogen deficiency caused a higher trabecular separation in both OVX groups (p < 0.05;
two-way ANOVA; Figure 2e) and elevated the porosity (p = 0.0006; two-way ANOVA;
Figure 2f) when compared only with the hypertensive animals. The number of trabeculae
and the total porosity were statistically different between the groups with implant sur-
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faces with no alendronate (p < 0.05; Sidak’s test) and with an alendronate surface (p < 0.05;
Sidak’s test). Figure 3 contains the microtomography volumetric images of the following
groups of samples: SHR SHAM, SHR SHAM ALE, SHR OVX, and SHR OVX ALE. The
microtomography structural analysis indicates that estrogen deficiency added to hyper-
tension exerts catabolic effects in the peri-implant bone of hypertensive rats, even with
systemic losartan and local alendronate coated on the implant surface.

 

Figure 3. The microtomographic reconstruction of the bicortical implant in the tibia of each group.
The microtomography images are representative from all four groups: SHR SHAM, SHR SHAM
ALE, SHR OVX, and SHR OVX ALE, respectively. The microtomography images evidenced that
estrogen deficiency reduces the peri-implant bone volume in hypertensive ovariectomized rats from
the SHR OVX group. The microtomography was executed applying the CTvox software (SkyScan,
Version 2.7).

3.4. Epifluorescence Results

In the epifluorescence analysis, it is possible to measure the amount of calcium and
alizarin precipitation at the time of the fluorochrome injection (Figure 4). The graph further
down shows precipitation at the time of the injection of calcein and alizarin fluorochrome.
The daily mineral apposition showed a balance between all evaluated groups. The syner-
gistic action of systemic losartan and local alendronate contributed to the fact that daily
calcium precipitation on the peri-implant bone occurred in all groups. It is worth highlight-
ing a slight statistically different reduction in this rate in rats with the implant’s alendronate
surface for the SHR SHAM ALE and SHR OVX ALE groups compared to the conventional
implant of the SHR SHAM and SHR OVX groups (p < 0.0001; two-way ANOVA). Curiously,
the trabecular thickness data supported the mineral apposition rate, where the higher MAR
value was obtained in the SHR OVX group rather than in the SHR SHAM group, since the
SHR OVX group had thicker bone trabeculae than the other groups in a probably compen-
satory mechanism. The lowest MAR achieved in the SHR OVX ALE group corroborates
the smallest trabeculae thickness of them.

The descriptive evaluation of Figure 5 shows the peri-implant bone dynamics through
the precipitation of fluorochromes in all groups. The fluorochromes are tied to the calcium
during their precipitation in the organic bone matrix. Thus, there is an overlapping of
green calcein, indicating the previous bone formation, and red alizarin, indicating the new
bone formation. The first fluorochrome applied was calcein; therefore, it was the green
biomarker of the old bone. Calcein biomarkers were present in all groups, with higher
intensity in both SHAM groups, mainly in SHR SHAM, and the lowest in the SHR OVX
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ALE group. The following administrated fluorochrome was alizarin, so the biomarker in
red denoted the fresh newly formed bone. It was also slightly present in all groups.

Figure 4. Parameters of epifluorescence evaluated in the peri-implant bone. It was quantified by
the daily mineral apposition rate. The different uppercase letters indicate a significant statistical
difference between the SHR OVX and SHR OVX ALE groups (p < 0.05). In addition, the different
symbols “*” and dot demonstrate statistical differences when comparing the SHR SHAM ALE to
SHR OVX ALE groups (p < 0.05).

Figure 5. Peri-implant bone dynamics by epifluorescence analysis. Representative figure of the
biomarking of the fluorochromes in the peri-implant bone around the implant assessed by the “Color
Selection” instrument in the Image J software version 1.53 (Processing Software and Image Analysis,
Ontario, ON, Canada). The image represents the overlying of both fluorochromes characterizing the
peri-implant bone dynamics by green biomarkers of calcein fluorochrome on the old bone and red
biomarkers of the alizarin fluorochrome on the fresh new bone in the SHR SHAM, SHR SHAM ALE,
SHR OVX, and SHR OVX ALE groups, respectively.
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4. Discussion

Untreated hypertension delays alveolar bone healing [36], though antihypertensive
drugs can improve bone healing and metabolism [34,37]. Besides hypertension, osteoporo-
sis by estrogen deficiency also impairs alveolar bone healing [33]. Antiresorptive drugs
administrated locally, such as sodium alendronate, can improve bone healing during os-
seointegration [23]. Considering the benefits of antihypertensive and antiresorptive drugs,
the hypothesis of the mutually beneficial use of both drugs on postmenopausal bones under
hypertensive conditions arise. Interestingly, a prior study showed a higher rate of alveolar
bone apposition in hypertensive animals treated with the antihypertensive losartan [31].
Furthermore, untreated hypertensive animals revealed impaired osseointegration [34].
Taking these early results, and considering the replication of a real clinical setting, all hyper-
tensive animals in this study were treated with losartan, since uncontrolled hypertension
contraindicates the surgery of implant placement. Together with these propositions, the
outcomes revealed a greater reverse torque and higher quality of bone microarchitecture in
hypertensive animals than hypertensive and ovariectomized rats, even when treated with
alendronate coated on the implant surface and with systemic losartan.

Hypertensive and estrogen-deficient rats confirmed the compromised peri-implant
bone microarchitecture established by both conditions. The local administration of alen-
dronate was ineffective in entirely reversing the unfavorable outcome. Also, the antihyper-
tensive treatment did not demonstrate overcoming the consequences of estrogen deficiency
on bone, despite its previously established osteoprotective properties in an osteoporotic
model [17]. Possibly, the high osteoclastic activity from hypertension [10] and estrogen
deficiency rationalizes the nonreversion [38]. The synergism of the drugs worked out in
the exclusive presence of hypertension and the absence of estrogen deficiency, where the
highest torque was registered. Hypertension leads to an increase in RANKL expression and
reduces RUNX2, with a consequent imbalance in the bone metabolism [36]. Osteoporosis
also acts by increasing the RANKL and the number of osteoclasts [39]. Therefore, both
conditions can decrease calcium deposition in the mineral apposition rate, as shown by epi-
fluorescence. Although alendronate has an affinity to hydroxyapatite crystal and tends to
inhibit osteoclast activity [33], the use of ALE was not able to enhance calcium precipitation
in hypertensive and ovariectomized animals. By these means, the mineral-apposition-rate
values were lower in the SHR OVX ALE group than without ALE. Supporting our results,
the mineral apposition rate was lower in animals treated with systemic alendronate through
an increase via RANKL and osteoprotegerin [33].

The lower mineral apposition rate observed by fluorochromes in hypertensive and
ovariectomized animals can be explained by changes in the calcium metabolism. Increased
inflammatory mediators, such as interleukin-6 and tumor necrosis factor, are correlated with
the onset of cardiovascular disease in hypertension and osteoporosis [40]. Arteriosclerosis
is common in these disorders, causing an intravascular mineralization by a shift of vascular
cells into osteoblasts and osteoblast-like cells [1]. Inherently, another study has shown
a negative interference in osteogenesis directly by the blood flow [41], which clarifies
the lesser percentage of bone volume present in both SHR OVX groups. Insufficient
blood supply due to hypertension [42] or estrogen deficiency [41] can be inferred in the
presented data. A beneficial effect was revealed on the bone endothelium of elderly mice
treated with alendronate [41]. In this previous research, alendronate improved the blood
flow and increased endothelial cells, type H osteoprogenitor, and osterix as zinc-finger
transcription factor [41]. Feasibly, the alterations in bone vascularization could not be totally
reversed with the losartan via the renin–angiotensin system or with the local alendronate
in hypertensive and ovariectomized rats.

Postmenopausal women with estrogen deficiency show a rise the expression of type 1
angiotensin II receptors and a decrease estradiol levels, consequently increasing vasocon-
striction and blood pressure [5]. Additionally, angiotensin II is considerably associated with
an increase in bone resorption [12,18]. However, losartan, as a blocker of angiotensin II, was
revealed to improve the mass and strength of bones in osteoporotic rats [43]. Furthermore,
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this drug increased peri-implant bone thickness in hypertensive rats [34]. The same anabolic
effect was found in the alveolar bone mineralization of normotensive rats [31]. In addition,
this antihypertensive reduced bone loss in a model of experimental periodontitis [44]. Thus,
besides the benefits of losartan in controlling blood pressure and reducing bone loss, it can
avoid bone resorption. Although the Tb.Th and calcium precipitation were not compro-
mised in the hypertensive ovariectomized rats, the BV/TV of both SHR OVX groups were
lower. The data imply a reduced BV/TV due to decreases in Tb.N and increases in Tb.Sp;
the increased Tb.Th can indicate a compensatory mechanism. These results revealed an
increased bone loss related to estrogen deficiency. However, the beneficial influence of the
local application of alendronate should be stated, since the SHR SHAM ALE and SHR OVX
ALE groups showed a slightly higher, but not statistically significant, torque value and
bone volume. Thus, alendronate coted on the implant surface may improve, but not totally
reverse, this impaired condition by estrogen deficiency.

Previous studies reported inadequate osseointegration in spontaneously hypertensive
animals, where losartan proved to be efficient in overcoming this condition [34]. In the
present study, losartan used in all groups demonstrated to be ineffective in revering the
impaired osseointegration caused by estrogen deficiency in the ovariectomized groups.
Hence, the effect of losartan on bone and local alendronate did not effectively reverse the
impaired osseointegration in the presence of estrogen deficiency caused by ovariectomy
in the hypertension model. Likewise, the use of losartan in synergy with alendronate
on the implant surface seems to be a therapeutic strategy for avoiding side effects, such
as osteonecrosis. Additionally, new investigations need to consider the local application
of alendronate on implants as a treatment strategy for osseointegration in hypertensive
females. In this way, the outcomes can also be partially extrapolated to the clinical relevance,
where further studies need to elucidate the risk of implants in patients with controlled
hypertension and estrogen deficiency. The findings suggest the lack of combined effect
between systemic losartan and local alendronate in these simultaneous conditions. In
further studies, the concentrations can be adjusted to evaluate new cellular responses in
this experimental model. Innovative studies to shift compromised bone healing caused by
hypertension and osteoporosis are crucial. Moreover, it is still necessary to verify whether
the effect of losartan and alendronate confirmed in hypertensive animals occurs through
the vascularization or induction of bone cells.

5. Conclusions

In conclusion, the impairment of osseointegration caused by estrogen deficiency in
hypertensive rats is characterized by altering biomechanical resistance and peri-implant
bone microarchitecture and mineralization. Furthermore, the application of alendronate
on the surface of the implants does not fully reverse this impaired condition affected by
estrogen deficiency in hypertensive rats.
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Abstract: Purpose: Obesity has increased around the world. Obese individuals need to be better
assisted, with special attention given to dental and medical specialties. Among obesity-related
complications, the osseointegration of dental implants has raised concerns. This mechanism depends
on healthy angiogenesis surrounding the implanted devices. As an experimental analysis able to
mimic this issue is currently lacking, we address this issue by proposing an in vitro high-adipogenesis
model using differentiated adipocytes to further investigate their endocrine and synergic effect in
endothelial cells responding to titanium. Materials and methods: Firstly, adipocytes (3T3-L1 cell line)
were differentiated under two experimental conditions: Ctrl (normal glucose concentration) and High-
Glucose Medium (50 mM of glucose), which was validated using Oil Red O Staining and inflammatory
markers gene expression by qPCR. Further, the adipocyte-conditioned medium was enriched by
two types of titanium-related surfaces: Dual Acid-Etching (DAE) and Nano-Hydroxyapatite blasted
surfaces (nHA) for up to 24 h. Finally, the endothelial cells (ECs) were exposed in those conditioned
media under shear stress mimicking blood flow. Important genes related to angiogenesis were then
evaluated by using RT-qPCR and Western blot. Results: Firstly, the high-adipogenicity model using
3T3-L1 adipocytes was validated presenting an increase in the oxidative stress markers, concomitantly
with an increase in intracellular fat droplets, pro-inflammatory-related gene expressions, and also the
ECM remodeling, as well as modulating mitogen-activated protein kinases (MAPKs). Additionally,
Src was evaluated by Western blot, and its modulation can be related to EC survival signaling.
Conclusion: Our study provides an experimental model of high adipogenesis in vitro by establishing
a pro-inflammatory environment and intracellular fat droplets. Additionally, the efficacy of this model
to evaluate the EC response to titanium-enriched mediums under adipogenicity-related metabolic
conditions was analyzed, revealing significant interference with EC performance. Altogether, these
data gather valuable findings on understanding the reasons for the higher percentage of implant
failures in obese individuals.

Keywords: bone; wound healing; adipogenesis; obese; dental implants; titanium; failure; angiogenesis

1. Introduction

Physiological changes in obese patients are widely studied due to their systemic com-
plications. The comorbidities known to be associated with obesity include cardiovascular,
pulmonary, renal, endocrine, and musculoskeletal problems (e.g., arthrosis, osteoarthritis,
back and joint pain), as well as impaired wound healing [1]. It is known that the adipose
tissue develops endocrine activity by secreting bioactive substances, named adipokines,
that can reach all systems and develop important roles in metabolism [2]. In obese indi-
viduals there is a dysfunction of the adipose tissue, presenting higher adipogenesis (high
number and size of adipocytes, as well as intracellular fat droplets) that directly affects
the profiles of released adipokines, including an increase in proinflammatory interleukin
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secretion, which triggers different responses systemically, including in the cardiovascular
system and vasculature [3].

The vasculature exerts an important function in supplying blood to the whole body,
delivering oxygen, nutrients, and essential factors to ensure adequate physiologic and
metabolic functioning, also guaranteeing adequate tissue regeneration and repair in cases
of injuries, when the vasculature also provides undifferentiated cells [4]. In this context,
the endothelial cells (ECs), present along the luminal surface of the blood vessels, develop
a central role in vascular activity by perceiving and responding to the changes in chemical
and mechanical factors in the blood [5–8]. It is important to mention that angiogenesis
is a decisive event during tissue healing [9] and it has been shown that ECs differently
respond to metallic implantable medical devices, such as titanium alloys [10–12].

Titanium is commonly used as a biomaterial in several dental and medical fields,
e.g., implantology, orthopedics, cardiology, and gastroenterology [13]. This metallic alloy
is considered the gold standard for these purposes because it possesses important proper-
ties such as mechanical and corrosion resistance and proper biocompatibility [14]. After
biomaterial implantation, the reactional tissue surrounding the implants suffers adapta-
tion processes that require blood supplements through the blood vessels, highlighting
the importance of EC activities and angiogenesis [15]. In addition, studies have revealed
that angiogenesis and osteogenesis are coupled processes, and shown that better osseoin-
tegration occurs by interfering with the process of appositional new bone growth [16].
This coupling between cells seems to be affected in specific metabolic conditions, such as
diabetes and obesity.

In fact, obesity is related to severe complications in the process of bone healing and
osseointegration, likely because it provokes a burst of pro-inflammatory involvement,
and an increased risk of bone loss [17]. The explanation for the obesity-related tissue
regeneration complications lies in the effects of the unbalanced adipose-derived proinflam-
matory cytokines and adipokines [18], however, the biology involved in this context is
barely known.

Thus, studies exploring the metabolic effects of high adipogenicity on different systems
are needed, as well as strategies and alternative technologies and methodologies to study
these conditions and predict biological responses. In this context, in vitro methods and
analyses, such as cell culture, have the relevant advantages, despite presenting a huge set
of limitations in comparison to in vivo protocols arising from age, genetics, environments,
habits, hormones, etc. Furthermore, many in vitro methodologies capable of mimicking or
closely addressing scenarios in biological systems, as well as in the presence of pathologies,
have been proposed and used to guide preclinical experiments.

Using in vitro methodologies, we investigated the potential crosstalk between
adipogenicity-related metabolic conditions and ECs responding to a titanium-enriched
medium. Specifically, we demonstrate the proof of concept of the creation of the high-
adipogenicity model using an adipocyte cell line, and observed its interference with EC
activity. Altogether, these data gather new findings to understand the higher rate of failure
of implants in obese individuals.

2. Methods

2.1. Implants

This experimental workflow was performed using two titanium surfaces, as fol-
lows: Dual Acid-Etched (DAE) and nanohydroxyapatite-coated surfaces (nHA). Both
set of titanium discs were kindly provided by S.I.N.—Sistema Nacional de Implantes
(Sao Paulo, SP, Brazil). The nHA titanium surface is described in more detail elsewhere by
Gottlander et al. (1997) and Meirelles et al. (2008) [19,20].
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2.2. Reagents

Dulbecco’s modified Eagle’s medium (DMEM), Fetal Bovine Serum (FBS), trypsin, peni-
cillin, and streptomycin (antibiotics) were obtained from Nutricell (Campinas, Sao Paulo,
Brazil). Trypan Blue (T6146), acetic acid glacial (695092), (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) (MTT) (M2128), ethanol (459844), Oil Red O (O0625),
3-isobutyl-1-methylxanthine (IBMX) (I5879), Dexamethasone (D1756), β-glycerophosphate
(G9422), glucose (G-5400) and insulin (I2643) were obtained from Sigma Chemical Co.
(St. Louis, MO, USA). The antibodies #9102, #8690, #3700, and #2109 were obtained from
Cell Signaling Technology (Beverly, MA, USA). TRIzol™ reagent (15596026), DNase I
(18068015), and the High-Capacity cDNA Reverse Transcription Kit (4368814) were pur-
chased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). GoTaq qPCR Master Mix
(A6002) was obtained from PROMEGA (Madison, WI, USA). Oligonucleotides for gene
expression were purchased from Exxtend (Campinas, São Paulo, Brazil).

2.3. Cell Culture

Two cell lines were used in this study: both 3T3-L1 preadipocytes (passage < 10) and
Human Umbilical Vein Endothelial Cells (HUVECs; ECs) (ATCC; CRL1730; passage < 10)
were cultured in Dulbecco’s modified Eagle’s medium (DMEM—Nutricell, Campinas,
Brazil) containing penicillin 100 U/mL, streptomycin 100 mg/mL, and 10% fetal bovine
serum (FBS). The adipocyte differentiation is described below. Importantly, ECs were
cultured subjected to a shear stress model, as is described in detail below. In all experiments,
the cells were maintained at 37 ◦C with a 5% CO2 and 95% humidity environment.

2.4. Adipocyte Differentiation

The 3T3-L1 adipocyte cultures were maintained in 100 mm culture dishes in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin at 37 ◦C, 5% CO2, and
95% humidity until reaching proper confluence. Then, adipocyte differentiation was in-
duced by supplementing the cell culture medium with insulin (1 mg/mL), dexamethasone
(1 mM), and 3-isobutyl-1-methylxanthine (IBMX) (0.5 mM), which was used to expose the
cells for 3 days. The medium was changed to maintenance DMEM containing 10% FBS and
insulin (1 mg/mL) for an additional 7 days (completing 10 days in toto), being changed
every 2 days in the meantime. This differentiation process was followed under 2 separate
experimental conditions; one under normal conditions (Ctrl), and the other subjected to
a high-glucose medium (HGM) to induce higher adipogenesis, reaching a final glucose
concentration of 50 mM. The cultures were maintained up to 10 days, at which point the
cells were harvested and the conditioned medium collected to further expose ECs.

2.5. Shear Stress Model

ECs were seeded in the peripheral area of previously modified 100 mm culture dishes
(Figure 1). The modification in the 100 mm culture dishes was made by using medical
silicone to bond a 60 mm culture dish at the center-bottom of the 100 mm culture dishes.
Thereafter, the modified dishes were sterilized using UV light for 30 min. To perform the
model, the ECs were exposed to the tension forces induced by the circuit of shear stress
triggered by the rotations of an orbital shaker (Scilogex, Rocky Hill, CT, USA) placed in
the cell culture incubator, as in other experiments [21,22]. We calculated the maximal wall
shear stress of ~3 Pa (physiological arterial shear stress = ~1–4 Pa) by using this equation:
τmax = α

√
ρη(2πê)3. This equation encompasses the τmax that is the shear stress (Pascal),

α is the radius of orbital rotation (12 cm), ρ is the density of the cell culture medium
(937.5 kg/m3), η is the viscosity of the cell culture me.dium (7.5 × 10−4 Pa s), and ê is the
frequency of rotation.
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Figure 1. Outline and workflow. To evaluate the ECs behavior in response to titanium-enriched
medium in concomitance with high adipogenesis conditions arising from 3T3-L1 adipocytes, we
collected the medium conditioned by the adipocytes during their differentiation, which was later
enriched with titanium for up to 24 h, as recommended by ISO 10993:2016. This conditioned medium
was also further used to expose ECs for 72 h under shear stress mimicking blood flow, at which point
the samples were collected to allow the molecular analysis.

2.6. Cell Viability Assay

The high-glucose medium was prepared previously at 50 mM final concentration.
Concomitantly, the 3T3-L1 adipocytes were maintained on 96-well plates (5 × 104 cells/mL)
and later incubated for up to 24 h. One group of cells was treated with the HGM to evaluate
whether the high glucose concentration would affect cell viability. The control group
contained cells under normal cell culture conditions. The cells were maintained in both
treatments (Ctrl and HGM 50 mM) for up to 72 h, after which the cell viability was measured
by adding 1 mg/mL of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) to evaluate the mitochondrial dehydrogenase activity through the MTT reduction
reaction after 3 h in a CO2 incubator. During this reaction, the yellow-colored water-
soluble tetrazolium salt MTT becomes the purple-colored soluble compound formazan
proportional to mitochondrial activity. The dye of formazan was later dissolved in DMSO,
and the absorbance was measured at 570 nm (Synergy II; BioTek Instruments, Winooski,
VT, USA).

2.7. Oil Red O Staining

Previously, Oil Red O solution was obtained by dissolving the Oil Red O dye in
propylene glycol (0.5%; w/v) in a heater at 95 ◦C. By using a 0.45 μm syringe filter the Oil
Red O solution was filtered to eliminate residual particulates from the solution and later
used to stain the adipocytes. Adipocytes were differentiated for 10 days using a 24-well
plate. At the end of differentiation, the medium was removed, the cells were washed
with warm PBS, fixed in 4% paraformaldehyde for 10 min at room temperature, washed
twice in deionized water, and then maintained in absolute propylene glycol for 5 min.
The cells were stained in Oil Red O solution 0.5% up to 30 min at room temperature, then
washed in 85% propylene glycol solution for 3 min. Finally, 3T3-L1 was washed twice in
deionized water. Images were acquired using an inverted microscope (Axio Vert.A1, Carl
Zeiss microscopy GMBH, Göttingen, Germany).
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2.8. Titanium-Enriched Medium Obtaining

Adipocyte-related conditioned medium was later used to incubate both types of
titanium disc for 24 h: DAE and nHA, in accordance with ISO 10993:2016 (0.2 g/mL w/v)
with slight modification as suggested by Zambuzzi et al. [23–26]. The final conditioned
medium was later used to expose ECs for 3 days under shear stress to mimic blood flow.

2.9. Western Blot

Both adipocytes and ECs were harvested using lysis buffer [Lysis Cocktail (50 mM Tris
[tris(hydroxymethyl)aminomethane]–HCl [pH 7.4], 1% Tween 20, 0.25% sodium deoxy-
cholate, 150 mM NaCl, 1 mM EGTA (ethylene glycol tetraacetic acid), 1 mM O-Vanadate,
1 mM NaF, and protease inhibitors [1 μg/mL aprotinin, 10 μg/mL leupeptin, and 1 mM
4-(2-amino-ethyl)-benzolsulfonylfluorid-hydrochloride])] for 2 h, after which the samples
were cleared by centrifugation, and the protein concentration was measured using the
Lowry method [27]. An equal volume of 2x sodium dodecyl sulfate (SDS) gel loading
buffer (100 mM Tris-HCl [pH 6.8], 200 mM dithiothreitol [DTT], 4% SDS, 0.1% bromophe-
nol blue, and 20% glycerol) was added to the samples and boiled for 5 min. Aliquots
of protein extracts were resolved into SDS-PAGE (10 or 12%) and transferred to PVDF
membranes (Millipore, Burlington, MA, USA). Membranes were blocked with either 5%
fat-free dried milk dissolved in Tris-buffered saline (TBS)–Tween 20 (0.05%) and incu-
bated overnight at 4◦ C with appropriate primary antibody at 1:1000 dilutions. After
washing 3x TBS-Tween 20 (0.05%), those membranes were incubated with horseradish
peroxidase-conjugated secondary IgGs antibodies, at 1:5000 dilutions, in a blocking buffer
for 1 h. Thereafter, the bands were detected by enhanced chemiluminescence (ECL), or by
fluorescence (ODYSSEY® CLx Infrared Imaging System).

2.10. Quantitative PCR Assay (qPCR)

The same experimental workflow was performed and the cells were harvested now
in Ambion TRIzol Reagent (Life Sciences—Fisher Scientific Inc, Waltham, MA, USA), and
treated with DNase I (Invitrogen, Carlsband, CA, USA). cDNA synthesis was performed
using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City,
CA, USA) following the manufacturer’s instructions. qPCR was performed on a total of
10 μL, containing PowerUp™ SYBR™ Green Master Mix 2x (5 μL) (Applied Biosystems,
Foster City, CA, USA), 0.4 μM of each primer, and 50 ng of cDNA and nuclease-free H2O.
Data were expressed as relative amounts of each target gene normalized considering the
expression of 18SrRNA and Gapdh genes, here used as housekeeping genes, using the
cycle threshold (Ct) method. Specific primers and running details are described in Table 1.

Table 1. Sequences of the primers and conditions of the quantitative polymerase chain reaction cycle.

Genes Primers 5′-3′ Sequences Reaction’s Conditions

H-AKT
Forward CAG CGC GGC CCG AAG GAC

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse GAC GCT CAC GCG CTC CTC TC

H-CDK2
Forward CTT TGC TGA GAT GGT GAC TCG

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse GCC TCC CAG ATT CCT CAT GC

H-CDK4
Forward CTC TCT AGC TTG CGG CCT G

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse GCA GGG ATA CAT CTC GAG GC

H-ERK
Forward GCA GCG CCT CCC TTG CTA GA

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse AAC AGC CTC TGG CCC ACC CAT
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Table 1. Cont.

Genes Primers 5′-3′ Sequences Reaction’s Conditions

H-IL1B
Forward GGA GAA TGA CCT GAG CAC CT

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse GGA GGT GGA GAG CTT TCA GT

H-IL6
Forward AGT CCT GAT CCA GTT CCT GC

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse CTA CAT TTG CCG AAG AGC CC

H-JNK
Forward AAA GGT GGT GTT TTG TTC CCA GGT

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse TGA TGA TGG ATG CTG AGA GCC ATT G

H-P38
Forward GAG AAC TGC GGT TAC TTA

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse ATG GGT CAC CAG ATA CAC AT

H-VEGF
Forward TGC AGA TTA TGC GGA TCA AAC C

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse TGC ATT CAC ATT TGT TGT GCT GTA G

H-VEGFr1
Forward CAG GCC CAG TTT CTG CCA TT

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse TTC CAG CTC AGC GTG GTC GTA

M-Gapdh Forward AGG CCG GTG CTG AGT ATG TC
95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s

Reverse TGC CTG CTT CAC CAC CTT CT

M-Il13
Forward CAG TCC TGG CTC TTG CTT G

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse CCA GGT CCA CAC TCC ATA CC

M-Il18
Forward ACT TTG GCC GAC TTC ACT GT

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse GGG TTC ACT GGC ACT TTG AT

M-Il1b
Forward GAC CTT CCA GGA TGA GGA CA

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse AGC TCA TAT GGG TCC GAC AG

M-Il1r
Forward ACC CCC ATA TCA GCG GAG CG

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse TTG CTT CCC CCG GAA CGT AT

M-Il33
Forward CCT TCT CGC TGA TTT CCA AG

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse CCG TTA CGG ATA TGG TGG TC

M-Il6
Forward AGT TGC CTT CTT GGG ACT GA

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse CAG AAT TGC CAT TGC ACA AC

M-Myd88 Forward ATG GTG GTG GTT GTT TCT GAC GA
95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s

Reverse GCA AGG GTT GGT ATA GTC GCA TAT A

M-Nfkb
Forward CAC CTG TTC CAA AGA GCA CC

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse GGT TCA GGA GCT GCT GAA AC

M-Pparg Forward TTT TCA AGG GTG CCA GTT TC
95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s

Reverse AAT CCT TGG CCC TCT GAG AT

M-Tnf
Forward CCA CAT CTC CCT CCA GAA AA

95 ◦C, 3 s; 55 ◦C, 8 s; 72 ◦C, 20 s
Reverse AGG GTC TGG GCC ATA GAA CT

Note: H = Human; M = Mice.

2.11. Oxidative Stress Markers

After obtaining adipocytes, the cells were harvested in PBS and sonicated. Protein
carbonylation (CBO) was measured by using DNPH (2,4-dinitrophenyl hydrazine) as
derivatizing agent [28]. The experiment was performed in a dark chamber to prevent the
light. Firstly, the samples (10 μL of the lysed cells) were incubated with DNPH 10 mM
(100 μL) for 10 min, after which 50 μL of 6 M NaOH (sodium hydroxide) was added.
The reaction was interrupted after 10 min. The CBO was estimated by reading the final
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solution coloration spectrophotometrically at 450 nm. Finally, the results were calculated
using the molar extinction coefficient (22,000 M−1 cm−1) of DNPH and expressed as
nmol/mg protein.

2.12. Matrix Metalloproteinases (MMPs) Activities by Zymography

Differentiating adipocyte cell culture medium was collected to measure the activ-
ity of matrix metalloproteinases (MMPs). The conditioned medium was centrifuged
at 14,000 rpm for 15 min to avoid cell debris, and the protein concentration was deter-
mined using the Lowry method [27]. The same concentration of protein was resolved into
a 12% polyacrylamide gel containing 4% gelatin. The gelatinolytic activity of MMPs was
determined in the resolved proteins (bands). The proteins’ structures were renatured in
Triton X-100 aqueous solution (2% w/v) for 40 min, followed by incubation for 18 h in prote-
olysis buffer (Tris-CaCl2) at 37 ◦C, when the gels were stained using Coomassie Blue R-250
dye solution 0.05% for 3 h. Thereafter, the stained gels were washed in a 30% methanol
(v/v) and 10% glacial acetic acid solution (v/v). The opposite staining (clear bands) was
obtained in the gels exactly where there was the gelatinolytic activity (bands) of MMP2
(~62 kDa) and MMP9 (~84 kDa), and then they were analyzed using the software ImageJ
(Bethesda, MD, USA), as previously proposed [29].

2.13. Statistical Analysis

Data were expressed as mean ± standard error of the mean (SEM) of the replicates
of each experiment (n = 3). The samples assumed a normal distribution, and they were
subjected to Student’s t-test (two-tailed) with p < 0.05 considered statistically significant.
In the experiment where there were more than two groups, the statistical analyses were
performed using either analysis of variance (one-way ANOVA) combined with appropriate
Bonferroni’s correction post-test, or nonparametric analysis. A p < 0.05 was considered to
be statistically significant. The software used was GraphPad Prism 7 (GraphPad Software,
La Jolla, CA, USA).

3. Results

To better evaluate the molecular mechanism underlying EC response to high-adipogenesis
conditions concomitant to a titanium-enriched medium, we proposed an in vitro experimen-
tal model subjecting adipocyte cells to differentiation under two conditions: Control cul-
tures (Ctrl) and high-glucose treated cells (H_Adip). Furthermore, the adipocyte-obtained
medium was enriched by titanium and then used to expose semiconfluent EC cultures
dynamically responding to mechanotransduction mimicking blood flow [22]. Additionally,
the titanium-enriched medium was obtained using two different titanium-modified sur-
faces: DAE, in which the discs were subjected to dual acid-etching, and nHA, in which DAE
surfaces were covered by nano-hydroxyapatite [11,30,31], as we have shown previously.

3.1. Validation of the High-Adipogenesis Model

To validate the proposed high-adipogenesis model, we first analyzed classical biomark-
ers of adipocyte phenotype in cells responding to high-glucose exposition, which did not
affect their viability (Figure 2A). Oxidative stress markers and fat droplet staining were
analyzed and correlated with inflammatory profile and adipogenesis. Reactive oxygen
species and concomitant oxidative stress in adipocytes was better investigated by evaluat-
ing the protein carbonylation profile. Our data show that this parameter was significantly
affected in cells responding to the high-glucose exposure, with higher values than the
conventional condition (Ctrl) (Figure 2B). Images acquired by using light microscopy show
that adipocytes responding to the high-glucose medium presented a higher number of
bigger-sized intracellular fat droplets stained by Oil Red O dye (Figure 2C).
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Figure 2. High-glucose medium affects adipocyte differentiation. The 50 mM high-glucose medium
was used to expose pre-adipocyte cells for stimulation to differentiation. Firstly, cytotoxicity was mea-
sured by using an MTT assay (A). Thereafter, oxidative stress was measured by evaluating the protein
carbonylation (nmol/mg protein) by performing a method using DNPH (2,4-dinitrophenylhydrazine
derivatizing agent) (B). The data are plotted respecting mean ± SD (n = 3), and the significance
was shown using Student’s t-test, ** p = 0.0058. Intracellular fat droplets of the pre-adipocytes
were acquired using a light microscope (40× magnification) thereafter stained by using Oil Red O
Staining (C). HGM: high-glucose medium.

Adipocyte differentiation and inflammation signaling pathways are widely studied
regarding obesity concerns. Herein, the gene expression was evaluated by investigating
the behavior of the interleukins IL-1β, IL-6, IL-13, IL-18, and IL-33 genes. They were
significantly higher in cells responding to the adipogenesis model where pre-adipocytes
were exposed to the high-glucose medium (HGM) (Figure 3A–E), as well as considering
TNF-α gene expression (Figure 3G). Importantly, the expression activity of the PPAR-γ
gene was also investigated in this study. It was significantly higher in cells responding to
HGM (Figure 3J), while both Myd88 and IL1 receptor genes expression were lower in the
HGM group (Figure 3F,I), and NFkB remains unchanged (Figure 3H).

We also investigated the behavior of mitogen-activated protein kinase (MAPKs)
genes to infer about cell survival signaling in differentiated adipocytes. Our data
show that there is a higher profile of MAPK-ERK proteins in cells responding to HGM
(Figure 4A,B), while the MAPK-P38 protein remains unchanged (Figure 4C,D). Finally,
the perspective of extracellular matrix (ECM) remodeling was investigated by analyzing
the activities of matrix metalloproteinases (MMPs) through gelatin-based proteolysis
assay. Our data show that there is higher activity of both MMP2 and 9 in differentiated
adipocytes (Figure 4E–J).

3.2. Angiogenesis-Related Genes Were Evaluated in ECs Responding to High Adipogenesis
and Titanium

To analyze the behavior of ECs responding to high-adipogenesis and titanium-enriched
mediums, we first evaluated angiogenesis-related genes and viability. The Ctrl group
now refers to the adipocyte-conditioned medium subjected to normal conditions, while
the H_Adip group refers to the adipocyte-conditioned medium chronically responding
to high glucose concentrations (50 mM); furthermore, the DAE and nHA refer to the
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adipocyte-conditioned medium previously used to incubate titanium discs with respect
to the difference on their surfaces: H_Adip + DAE and H_Adip + nHA. The VEGF gene
remains unchanged when compared to Ctrl or when the cells were treated with either of the
titanium-enriched mediums (Figure 5A). In this way, the VEGFr1 gene remains unchanged
when compared to the Ctrl group, but significantly decreases in response to both nHA and
H_Adip + nHA groups when compared to H_Adip (Figure 5B).

Figure 3. Adipogenesis model recapitulates the inflammation microenvironment and requires PPAR-
γ. Pre-adipocytes were differentiated for 10 days using classical model when the cells were harvested
and the biological samples forwarded to perform the qPCR technology. A significantly higher ex-
pression of IL-1β (A), IL-6 (B), IL-13 (C), IL-18 (D), IL-33 (E), TNF-α (G), and PPAR-γ (J) genes
were observed in the adipocytes responding to HGM (50 mM). The graphs bring the n-fold change
of the profile of gene expression normalized to the GAPDH gene (housekeeping gene). Signif-
icant differences were considered when * p < 0.05, and ** p < 0.01, *** p < 0.001. HGM: high
glucose medium.

Figure 4. Adipocytes require MAPK and MMP activity. Adipocytes require MAPK-ERK (A,B), while
the MAPK-P38 protein remains unchanged (C,D). β-Actin was used as the protein loading control.
Additionally, higher activities of MMP9 (F–H) and MMP2 (I,J) were found in adipocytes responding
to HGM. Data are plotted as means ± standard deviations (n = 3). Significant differences were
considered when * p < 0.05, and ** p < 0.01. HGM: high glucose medium.
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Figure 5. VEGF and VEGFR1 genes are modulated in response to titanium-based surfaces. Both
genes are related to EC phenotype as well as to angiogenesis. Their response to H_Adip and the
titanium-enriched medium seems to be relevant to the lower angiogenesis profile in adipogenesis.
The VEGF gene presented a low expression profile in ECs responding to DAE, while there was
no significance when considering the other groups (A). Additionally, the VEGFR1 gene presented
a low profile of expression in ECs responding to nHA (B). The data show the n-fold changes in the
profile of transcripts normalized to the 18 S gene (housekeeping gene). Differences were considered
statistically significant when * p < 0.05, and *** p < 0.001, represented by red * when compared to the
H_Adip group.

3.3. Proliferation and Survival-Related Genes in ECs

The protein kinase B (AKT), cyclin-dependent kinase 2 (CDK2), and CDK4 genes
were significantly higher in ECs exposed to adipocyte-conditioned medium (H_Adip)
(Figure 6A–C). Thereafter, our data show that there is a significant involvement of the AKT
gene in the coupling of adipogenicity and titanium-enriched medium (Figure 6A). There-
after, the CDK genes presented a very similar profile between DAE and nHA, with CDK2
being higher in nHA (Figure 6B), and CDK4 expressing a very similar profile (Figure 6C).

MAPK genes were also investigated in ECs. Figure 7 shows there is a significant
modulation in response to the coupling between high-adipogenicity and titanium-enriched
medium. The titanium DAE-enriched medium increased the expression of the MAPK-ERK
gene independently of normal or high-adipogenicity conditions (Figure 7A). ECs required
MAPK-JNK gene expression when they were exposed to the DAE-enriched medium under
normal adipogenesis conditions (DAE) when compared to H_Adip group, but without
difference in the H_Adip + DAE group, while cells responding to nHA and H_Adip + nHA
remain unchanged (Figure 7B). The MAPK-P38 gene showed involvement but without
statistically significant changes when the groups were compared to the Ctrl group, showing
an increase only in the DAE group when compared to H_Adip (Figure 7C).

As c-Src kinase is related to the survival mechanism governing the viability of eu-
karyotic cells, we decided to evaluate whether this protein was involved in response to
the titanium-enriched medium under normal and high-adipogenesis conditions. Addi-
tionally, our data show that c-Src seems to be required in high-adipogenesis conditions
regardless of the presence of the titanium DAE-enriched medium as it remained higher in
the group H_Adip + DAE (Figure 8A,B). Moreover, in the titanium nHA-enriched medium,
the cells under high adipogenesis showed a significant difference when compared with
Ctrl (Figure 8).
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Figure 6. Both survival and cell proliferation progress were investigated in ECs. ECs require
an increase in survival and cell cycle-related gene expression even more responding to high-
adipogenesis condition, observing the behavior of AKT (A), CDK2 (B), and CDK4 (C). Differences
were considered statistically when * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001, represented
by black * when compared to the Ctrl group, by red * when compared to the H_Adip group, and by
green * when compared between the groups with nHA.

Figure 7. MAPK-related genes were modulated in EC responding to adipogenesis. qPCR shows dif-
ferent modulations of the MAPKs genes in ECs: the MAPK-ERK gene was higher in cells responding
to the DAE group, and even higher in the H_Adip + DAE group. However, there was no difference in
the H_Adip + nHA group when compared to Ctrl (A). The JNK was down-regulated in the H_Adip
group when compared to Ctrl, and higher in response to DAE treatment when compared to H_Adip.
Data are reported as means ± standard deviations (n = 3). Comparison by one-way ANOVA. Sta-
tistical differences were considered when * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001,
represented by black * when compared to the Ctrl group, by red * when compared to the H_Adip
group, and by green * when compared between the groups with DAE.

3.4. Endothelial Cell Appears to Be Important in Inflammatory Gene Microenvironment

The interleukins IL-6 and IL1-β genes were evaluated using RT-qPCR technology. This
revealed an important modulation in ECs responding to different treatments. The IL-6 gene
was significantly higher when ECs were treated with titanium DAE and nHA under the
high-adipogenesis condition (Figure 9A). The IL-1β gene was also significantly higher in
the high-adipogenesis condition, a situation that seems to be controlled in the presence of
the titanium-enriched medium, whether considering DAE or nHA (Figure 9B).
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Figure 8. c-Src involvement. After exposing the ECs to different shear-stress treatments for 72 h,
the samples were obtained to perform the Western blotting assay and evaluate SRC protein con-
tent (A,B). The high adipogenesis condition increased the content of SRC in ECs, significantly in
the H_Adip + DAE group, and less significantly in the H_Adip + nHA group. β-Actin was con-
sidered the protein loading control. Differences were considered significant when * p < 0.05, and
*** p < 0.001, represented by black * when compared to the Ctrl group, and by red * when compared
to the H_Adip group.

Figure 9. IL6 and IL1B gene expression changed in response to conditioned mediums. The samples
were harvested as described earlier and the gene expression was measured using qPCR. To address
the inflammatory effect of different conditions on ECs, we evaluated IL-6 (A) and IL-1β (B) genes. The
18SrRNA gene was considered the housekeeping gene and used to normalize the expression values.
Data are reported in means ± standard deviations (n = 3). Differences were considered significant
when * p < 0.05, *** p < 0.001, and **** p < 0.0001, represented by black * when compared to the Ctrl
group, by red * when compared to the H_Adip group, and by green * when compared between
the groups with DAE or between the groups with nHA. DAE = titanium with Dual Acid-Etching;
nHA = titanium with nano-Hydroxyapatite-coated surface.
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4. Discussion

The experimental model proposed in this study permits the evaluation of the effect of
high adipogenesis in the ECs responding to a titanium-enriched medium. The adipocyte
differentiation under high-glucose conditions has been used as a tool in vitro to understand
obesity-related metabolic dysfunctions [32], once the glucose enhances lipid accumulation
and adipogenesis [33]. Regarding the validation of this alternative model, the adipocyte
exposed to high glucose concentrations in our model significantly modulated specific
interleukin gene expression as well as the PPAR-γ gene activation. These genes are related
to adipocyte differentiation [34]. Taken together, this validates our biological model for
obtaining functional adipocytes. Importantly, the increase in protein carbonylation in ob-
tained adipocytes can be correlated with the high oxidative stress expected in differentiated
adipocytes. In general, our proposed adipogenesis model promotes an increase in the
intracellular fat droplets during the pre-adipocyte differentiation concomitantly with the
increase in the pro-inflammatory profile, as expected in adipocytes [32,35]. Additionally,
MAPK and PPAR are also both involved with adipocyte metabolism [33], which corrob-
orates with our findings. Additionally, we have also shown significant morphological
changes in adipocytes and which can explain the higher activities of MMPs and is expected
to modulate the ECM remodeling. Considering in vitro studies, this experimental model
presents limitations, such as evaluating the crosstalk between cells of different origins,
however, it can be overcome by the evolutionarily conserved structure and functions of
proteins and genes over 80%.

Although some progress has been made on the way to understanding the etiology
of systemic and metabolic dysfunctions such as diabetes and obesity, their relevance to
bone-healing peri-implants, which might explain the higher failure of implants in obese
patients [36], is barely understood. In fact, it has been hypothesized that angiogenesis is
compromised in obese and diabetic individuals. Thus, we have applied an experimental
model to better evaluate the impact on ECs responding to a titanium-enriched medium
which plays crucial roles during the osseointegration mechanism of angiogenesis, such
as interacting with osteoblasts [37,38]. There are important similarities between osseoin-
tegration and wound healing, a situation that is harmful in patients with compromised
metabolism [39]. To advance with this proposal, we have investigated the effect of two
titanium-modified surfaces. Firstly, genes related to the phenotype of endothelial cells
were investigated. While VEGF seemed not to be affected, its receptor, VEGFR1, was
higher in ECs responding to the titanium-enriched medium. This might be explained by
a correlation with its ligand and suggests an autocrine loop in this condition. The increase
in the intracellular signaling upon VEGFR1 activation requires the involvement of MAPK
upstream, modulating cell survival and proliferative phenotype. This explains the capacity
of those cells to involve p38 and CDKs [40]. Additionally, the VEGFR1-related intracellular
cascade seems to require Src kinase in this context, and also might be correlated with ECM
remodeling by regulating MMP activity.

Lastly, the gene expression of interleukins IL-6 and IL-1β was shown to be sensitive
to the response to titanium in an adipogenesis-related metabolic condition once both
DAE and nHA promoted their higher expression. It is important that the IL-related
cascade also requires the activation of MAPKs and Src. An important aspect is that IL-
1β effectively and rapidly induces human mesenchymal stem cells differentiation into
osteoblasts [41]. This might be an important axis coupling angiogenesis and osteogenesis
during the osseointegration mechanism, meaning nHA is able to improve the capacity of
ECs to drive bone healing in obese patients.
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5. Conclusions

Taking our data into consideration, it is possible to suggest that nHA-coated surface
favor biological events related to angiogenesis and might be an alternative strategy in
adipogenesis-related metabolic conditions where usually the percentage of dental implant
failure is higher. Altogether, this study gathers valuable information on understanding the
higher failure of dental implants in obese individuals.
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Abstract: Titanium surface modifications are widely used to modulate cellular behavior by recog-
nition of topographical cues. However, how those modifications affect the expression of mediators
that will influence neighboring cells is still elusive. This study aimed to evaluate the effects of
conditioned media from osteoblasts cultured on laser-modified titanium surfaces on the differenti-
ation of bone marrow cells in a paracrine manner and to analyze the expression of Wnt pathway
inhibitors. Mice calvarial osteoblasts were seeded on polished (P) and Yb:YAG laser-irradiated (L)
Ti surfaces. Osteoblast culture media were collected and filtered on alternate days to stimulate
mice BMCs. Resazurin assay was performed every other day for 20 days to check BMC viability
and proliferation. After 7 and 14 days of BMCs maintained with osteoblasts P and L-conditioned
media, alkaline phosphatase activity, Alizarin Red staining, and RT-qPCR were performed. ELISA
of conditioned media was conducted to investigate the expression of Wnt inhibitors Dickkopf-1
(DKK1) and Sclerostin (SOST). BMCs showed increased mineralized nodule formation and alkaline
phosphatase activity. The L-conditioned media enhanced the BMC mRNA expression of bone-related
markers Bglap, Alpl, and Sp7. L-conditioned media decreased the expression of DKK1 compared with
P-conditioned media. The contact of osteoblasts with Yb:YAG laser-modified Ti surfaces induces the
regulation of the expression of mediators that affect the osteoblastic differentiation of neighboring
cells. DKK1 is among these regulated mediators.

Keywords: laser ablation; Ti; nanotopography; osteoblast; osseointegration

1. Introduction

Osseointegrated implants are widely used with high clinical success rates and predictabil-
ity in oral rehabilitation [1,2]. Since the mid-1960s, titanium (Ti) has been considered a reliable
material for bone implantations due to its excellent biocompatibility, corrosion resistance, and
mechanical properties, providing stable implant anchorage in most cases [3–5].

The clinical success of a dental implant depends on many factors, including surgical
procedure, bone quality, and how fast and uniform the osseointegration occurs [6,7]. Faster
osseointegration allows an earlier loading and increases success rates even in patients with
poor bone quality or systemic conditions [8].

Disordered microstructures are common cues that influence cell morphology and
behavior [9–11]. Thus, the specialized industry widely investigates Ti surface modification
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protocols and alternatives to increase the quality of dental implant osseointegration [12].
These modifications usually involve chemical treatment or particle incrustation, raising the
product’s final cost and adding potential contaminants to its surface [13,14].

High-power laser irradiation is a cheaper, faster, and reproducible alternative for
Ti surface modifications that can eliminate chemicals and residual particles adhered to
the substrate. This method creates different roughness and topographical patterns with
a superficial oxide layer of nanometer thickness that improves corrosion resistance and
biocompatibility and plays a critical role in osseointegration [15–18]. Laser-irradiated
Ti surfaces exhibit high wettability, increased cell spreading, and adhesion to the ma-
terial [10,19,20]. Previous in vivo studies have demonstrated that high-power laser Ti
modifications produced nano- and microstructures capable of accelerating the implant
osseointegration [16,18], which is a complex process that includes the recruitment and
differentiation of osteoblasts, mainly controlled by the early maturation runt-related tran-
scription factor 2 (Runx2) and the downstream transcriptional regulator Osterix (Sp7).
Differentiated osteoblasts secrete bone matrix proteins, including collagen type 1 alpha 1
(Col1a1), osteocalcin (OC), and alkaline phosphatase (Alp), that will regulate mineralized
matrix deposition and new bone formation [21,22].

For effective implant integration, osteogenesis must occur in two different sites: in
contact with the Ti implant surface and at a distance, on the host bone surface [3,23]. The
distance osteogenesis will connect the host bone to the implant surface, while the contact
osteogenesis will enable an effective bone apposition. Although contact osteogenesis seems
to require other factors to be triggered, histological evidence demonstrates that implant
surface modifications play a critical role in paracrine osteogenesis and might accelerate the
final implant osseointegration [23–25].

To date, in vitro studies using the contact osteogenesis approach showed that modi-
fications on the Ti surface can accelerate and improve implant/bone interface consolida-
tion [5,10,21]. It has been demonstrated that micro- and nanopatterns on surface topography
influence cell morphology, increasing the chemotactic signal of cell adhesion and affect-
ing integrin receptors and the subsequent secretion of cytokines that may modulate an
osteogenic differentiation [26]. Our group has previously shown that irradiation of Ti
with high-power laser creates a surface that can induce osteoblastic differentiation, in-
creasing the mRNA expression of osteoblast transcription factors (Runx2 and Sp7), matrix
proteins (Col1a1, Spp1, and Bglap), and enzymes (Alpl) [10]. However, whether and how
this microenvironment may influence bone formation in a paracrine manner has yet to
be investigated. Understanding how Ti surface modifications affect the expression of
mediators of osteoblastic differentiation that may act in a paracrine manner will shed a
new light on the comprehension of the mechanisms of osseointegration.

The Wnt/β-catenin signaling pathway is essential to embryonic skeleton development;
it modulates bone formation and resorption by promoting osteoblast and osteocyte differ-
entiation, maturation, and survival and inhibiting osteoclastogenesis [27]. Its activation by
binding Wnt proteins to a Frizzled (Fzd) receptor and co-receptor (LDL receptor-related
protein (Lrp5 or Lpr6)) results in the accumulation of non-phosphorylated β-catenin in the
cytoplasm that will eventually be translocated into the nucleus and regulates gene transcrip-
tion [28]. The Dickkopf (Dkk) family is a well-known group of proteins that modulate the
Wnt signaling pathway; they prevent the formation of the Wnt–Fzd–Lrp complex binding
to co-receptor Lpr5/6 [29]. Even though Wnt proteins and their downstream signaling
components have been widely studied and targeted as bone formation modulators on
modified surfaces [30,31], the role of Wnt signaling inhibitors on distance bone formation
within the implant/bone interface microenvironment remains unclear.

Here, we report that conditioned culture media from osteoblasts cultured on laser-
modified Ti surface stimulates bone marrow cell (BMC) osteoblastic differentiation in a
paracrine manner. A possible mechanism is the decrease in the expression of DKK1 by
osteoblasts cultured on this surface.
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2. Materials and Methods

The in vitro study was approved by the local Ethical Committee for Animal Experi-
mentation from the Faculty of Dentistry of Araraquara (protocol # 23/2013, approved on
March 2016) and conducted according to the ARRIVE guidelines. The experiments were
carried out in triplicate, with three independent experiments.

2.1. Ti Disks Preparation and Characterization

Commercially pure (grade 4) Ti disks (175 mm2 of area and 2 mm thickness) were se-
quentially polished under water-cooling with a 320- to 1200-grit grinding paper. They were
immersed in acetone PA ACS (Qhemis, Indaiatuba, SP, Brazil) and ultrasonically cleaned
for 15 min and washed with deionized water and 100% ethanol (Qhemis, Indaiatuba, SP,
Brazil). The disks were finally rinsed with distilled water for 15 min and dried for 90 min in
an incubator at 60 ◦C (Orion 515, Fanem, São Paulo, SP, Brazil). The polished samples were
divided into two experimental groups, polished Ti (P Ti) and laser Ti (L Ti). The laser sur-
face was obtained by laser ablation with a pulsed Yb:YAG laser (Omnimark 20F, Ominitek
Tecnologia Ltda, São Paulo, Brazil) as previously described [10]. Briefly, the surfaces were
irradiated in an ambient atmosphere, and the laser beam was perpendicular to the surface
with a fixed focal length of 170 mm. The laser wavelength was 1064 nm, scanning speed
100 mm/s, pulse duration 100 ns, average pulse power 10 kW, spot diameter 50 μm and
cutoff distance 0.1 mm.

To access the surface topography, the specimens were characterized by scanning
electron microscopy (SEM) (JMS-T33A, JEOL, Tokyo, Japan). The average surface roughness
measured in our previous publication [10] was 0.3151 ± 0.0069 μm for the P surface and
10.57 μm ± 0.39 for the L surface.

2.2. Isolation and Culture of Mouse Calvarial Osteoblasts

Primary osteoblasts were isolated from neonatal calvarial bones obtained from 2- to
3-day-old mice (Mus musculus C57Bl/6) using sequential enzymatic digestion [32]. The
cells obtained were seeded in plain minimum essential medium α (α-MEM, Invitrogen,
Carlsbad, CA, USA) supplemented with penicillin/streptomycin (Pen-Strep, Sigma Aldrich,
St. Louis, MO, USA) and 10% fetal bovine serum (FBS, Sigma Aldrich, St. Louis, MO,
USA). After three days of incubation, 20,000 cells were seeded on Ti disks with L or P
surface (24-well plates) in osteogenic differentiation media and α-MEM-supplemented with
10 mmol/L β-glycerophosphate and 2 mmol/L ascorbic acid (Sigma Aldrich, Carlsbad, CA,
USA). The OM was collected and filtered every other day to stimulate the bone marrow
cell culture and analyze bone metabolism, as described below.

2.3. Isolation and Culture of Mouse Bone Marrow Cells

BMCs were isolated from the tibia and femur of 4-week-old mice as previously de-
scribed [33]. A total of 5 × 105 cells were seeded in 96-well plates in complete α-MEM.
After 24 h, the complete medium was replaced for the OM medium obtained from calvarial
osteoblast-like cultures seeded over P or L Ti surfaces; every 48 h, the fresh conditioned
medium was collected from calvarial osteoblasts cultured in parallel to the BMC cultures,
filtered and used to stimulate BMCs.

2.4. Alamar Blue

Resazurin (Alamar Blue, Sigma Aldrich, St. Louis, MO, USA) assay was performed
every other day after the first day of culture for 20 days, according to the manufacturer’s
protocol, to analyze the BMC’s viability and proliferation. The 1:10 Alamar Blue solution
was directly added into the culture wells, and the plates were incubated for 1 h at 37 ◦C.
Cell viability was assessed by the proportional absorbance at 570 nm in a microplate reader
(Power Wave XS, BioTek Instruments, Winooski, VT, USA).
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2.5. Alkaline Phosphatase Activity

After 7 and 14 days, the osteoblasts were lysed using 500 μL of a 50 mmol/L Tris–HCl
solution (pH 7.4) containing 0.5% of Nonidet P40. The total protein content was quantified
using a bicinchoninic acid assay (BCA Protein Assay Kit, Thermo Scientific, Rockford, IL,
USA). ALPase activity was assessed by measuring the release of thymolphthalein from
thymolphthalein monophosphate using a commercial test kit (Labtest Diagnostica SA,
Belo Horizonte MG, Brazil). According to the estimated protein amount, 20 μg of total
protein was added to a solution of thymolphthalein monophosphate (22 mmol/L) and
diethanolamine buffer solution (0.3 mmol/mL, pH 10.1) and incubated for 40 min at 37 ◦C.
About 200 μL of a Na2CO3 (0.09 mmol/mL) and NaOH (0.25 mmol/mL) solution was
added and incubated at 37 ◦C for additional 10 min; the color gradient was measured by
the absorbance at 590 nm in a microplate reader (Power Wave XS, BioTek Instruments,
USA). ALPase activity was calculated from a standard curve using alkaline phosphatase as
the standard in a range varying from 22.5 to 900 μU.

2.6. Alizarin Red Staining

The mineral deposition of osteoblast-like cells treated with OM was accessed by
Alizarin Red staining at 14 and 21 days after the cells were cultured in 96-well plates. The
cells were rinsed twice with PBS at 37 ◦C and then fixed with 150 μL of 4% paraformalde-
hyde for 10 min. After rinsing the cells again with PBS, 50 μL of 10% w/v Alizarin Red
(Sigma Aldrich, St. Louis, MO, USA) staining solution was added to each well at room
temperature for 10 min, the staining solution was removed, and the wells were rinsed twice
with PBS. The mineralization was quantified by dissolving stained nodules with 200 μL
of 10% w/v cetylpyridinium chloride (Sigma Aldrich, St. Louis, MO, USA) solution. The
dissolved nodules were transferred to 96-well plates and read at 562 nm in a microplate
reader (Power Wave XS, BioTek Instruments, USA).

2.7. Real-Time PCR

Total RNA was extracted from seeded BMCs treated with OM for 14 days using
an affinity column method according to the manufacturer’s protocol (RNAqueous-micro
Kit, Thermo Scientific, Rockford, IL, USA). The RNA from each well was quantified by
UV absorbance (Eppendorf, Hamburg, Germany) and considered acceptable when the
260/280 nm absorbance ratio was above 1.8. Three hundred nanograms of total RNA was
converted into cDNA using random hexamer primers and reverse transcriptase in a total
reaction volume of 20 μL (high-capacity cDNA synthesis kit, Applied Biosystems).

Quantitative real-time PCRs (qPCRs) were performed to assess the expression levels of
the genes encoding the transcription factors Runx2 (forward primer, 5′-CCTGAACTCTGCA
CCAAGTCCT-3′; reverse primer, 5′-TCATCTGGCTCAGATAGGAGGG-3′) and Osterix
(Sp7) (forward primer, 5′-TGCTTGAGGAGGAAGTTCAC-3′; reverse primer, 5′-AGGTCAC
TGCCCACAGAGTA-3′), and bone-specific proteins osteopontin/secreted phosphoprotein
(Spp1) (forward primer, 5′-TCACCATTCGGATGAGTCTG-3′; reverse primer, 5′-ACTTGTG
GCTCTGATGTTCC-3′), alkaline phosphatase (Alpl), α1 chain of collagen type 1 (Col1a1)
(forward primer, 5′-CCTCAGGGTATTGCTGGACAAC-3′; reverse primer, 5′-CAGAAGGA
CCTTGTTTGCCAGG-3′) and osteocalcin/bone gamma-carboxy glutamic acid protein
(Bglap) (forward primer, 5′-GCAATAAGGTAGTGAACAGACTCC-3′; reverse primer, 5′-
CCATAGATGCGTTTGTAGGCGG-3′). The 20 μL total volume reactions included a Taq-
Man qPCR master mix (Applied Biosystems), cDNA, deionized water, and species-specific
predesigned and optimized pairs of primers and probes (TaqMan gene expression assays).

The relative levels of gene expression were determined using the quantification cycle
by the standard curve method using the gene encoding to β-actin (Actb) as the reference
gene. Results were expressed as fold change over the levels of expression of the normalized
target gene determined in cDNA prepared from the P Ti sample group.
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2.8. ELISA

The ELISA tests for Dkk-1 (# MKK100) and Sclerostin (# MSST00) were performed
following the manufacturer’s recommended protocol (R&D Systems, Minneapolis, MN,
USA). For these assays, aliquots of the calvarial osteoblast culture supernatants (OM)
were collected at 0, 2, 4, 6, 8, 10, and 12 days and were mixed to obtain pooled samples.
Six different pools were evaluated per group (n = 6).

2.9. Statistics

Data from Alamar Blue, RT-qPCR, alkaline phosphatase activity, Alizarin red, and
ELISA assays were submitted to t-tests followed by Welch’s correction since they adhered
to the normal distribution (Shapiro–Wilk, p > 0.05). The level of significance was 95%
(p < 0.05). Results were represented as mean + SD.

3. Results

3.1. Ti Surface Characterization

The results of the SEM analysis revealed topographic differences between the P and L
Ti surfaces. The polished surface was homogeneous with minor residual roughness from
the manufacturing process (Figure 1a–c). In contrast, laser surfaces generally presented
an irregular surface, characterized by the presence of spheres and protrusions of different
diameters due to the irradiation pattern (Figure 1d–f). Longitudinal channel-shaped
depressions with different depths and widths were observed. At high magnification,
it was possible to detect in the L surface the presence of secondary nano-roughness inside
the spheres caused by the Ti ablation. Therefore, laser irradiation created a nano-to-micro
hybrid surface (Figure 1f).

 

Figure 1. Representative SEM images of polished Ti surface in ×200 (a), ×2000 (b), and ×10,000 (c);
and laser Ti surface in ×200 (d), ×2000 (e), and ×10,000 (f).

3.2. Cell Viability and Proliferation

The effect of surface topography on the osteoblastic expression of proliferation/differe
ntiation factors was first investigated on the ability of the osteoblastic conditioned medium
to induce BMC viability and proliferation. The cells were treated with the conditioned
medium from osteoblasts cultured in P and L Ti surfaces. For all the experimentation
periods, no significant difference between the groups was observed (Figure 2) (p > 0.05).
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Figure 2. BMC proliferation and viability assessed by Alamar Blue assay. Mean (±SD) of fluorescence
intensity at 2, 4, 8, 12, 16, and 20 days (n = 8) (p > 0.05).

3.3. Conditioned Medium from Osteoblasts Cultured on Laser-Modified Surface Affects
Osteoblastic Genes Expression in BMCs

The effects of the laser-modified Ti surface on the osteoblast production of differentia-
tion factors were then investigated on the expression of mRNAs, encoding for transcription
factors (Runx2 and Sp7) and osteoblast phenotypic markers (Alpl, Col1a1, and Bglap), by
BMCs treated with the conditioned medium obtained from osteoblasts cultured on P and
L surfaces. After 14 days, the L surface-conditioned medium upregulated the mRNA
expression of the transcription factor Sp7 and the phenotypic markers Bglap and Alpl
(Figure 3).

Figure 3. mRNA relative expression of osteoblast phenotypical marks after 14 days of culture of
BMCs treated with P and L Ti surface-conditioned media. Mean (±SD) of mRNA expression of
Bglap (a), Runx2 (b), Col1a1 (c), Alpl (d), and Sp7 (e), (n = 8). Real-time PCR (* p < 0.05; ** p < 0.01).
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3.4. Laser Ti Surface Stimulates ALPase Activity in BMC

After 7 and 14 days, the activity of ALPase was increased in BMCs treated with the
conditioned medium obtained from the culture of osteoblasts grown on L Ti-irradiated
surfaces, compared with BMCs treated with the medium obtained from osteoblasts grown
on the P surfaces (Figure 4).

Figure 4. ALPase activity of BMCs treated with P and L Ti surface-conditioned medium at the 7th
and 14th day of culture. Mean (±SD) of spectrophotometric quantification of ALPase activity in BMC
cultures at (a) 7 and (b) 14 days (n = 8) (* p < 0.05).

3.5. Laser Ti Surface Stimulates Mineralized Nodule Formation

The formation of a mineralized extracellular matrix is what defines fully differenti-
ated and active osteoblasts. To investigate how the conditioned medium from osteoblasts
cultured on different Ti surfaces affected BMC differentiation on fully differentiated os-
teoblasts, we quantified the calcified nodules formed in BMC cultures treated with a P or L
Ti surface-conditioned medium after 14 and 21 days of culture. Active formation of mineral-
ized nodules was observed in both groups and experimental periods. After 14- and 21-day
cultures, BMCs treated with the laser Ti surface-conditioned medium showed higher calci-
fied matrix formation compared with cells treated with the polished Ti surface-conditioned
medium (Figure 5, Supplemental Figure S1) (p < 0.05).

 

Figure 5. Mineralized matrix deposition of BMCs maintained in P or L Ti-conditioned medium after 14
(a) and 21 (b) days of culture. Mean (±SD) of absorbance after mineralized nodule dissolution (n = 8)
(*** p < 0.001). Representative images of the nodules formed by BMCs cultured on P-conditioned
media (c) or L-conditioned media (d) at 21 days.
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3.6. Laser Ti Surface Downregulates Wnt Signaling Inhibitor in Osteoblasts

To investigate the impact of the laser-modified surface on the expression of Wnt
signaling inhibitors, we performed an ELISA for Dkk-1 and Sclerostin using the supernatant
of osteoblasts cultured on P and L surfaces. The expression of Dkk-1 was decreased in the
L surface group compared with that in the polished P surface group (Figure 6). The protein
Sclerostin was not detected in all groups.

 
Figure 6. Dkk-1 protein measured by ELISA is downregulated in laser Ti surface samples. Dkk-1 was
measured by ELISA in osteoblasts cultured on P and L Ti surfaces. Mean (±SD) expression of Dkk-1,
OPN, and TGF-beta proteins (n = 6) (** p < 0.01).

4. Discussion

The implant osseointegration is environment-dependent and largely influenced by Ti
surface topographical properties [5,34]. Several techniques aiming for micro- and nanos-
tructured surface modifications have been proposed to modulate this biological process [35].
Laser surface treatments have often been described as a highly controllable approach to
improving the cellular response to the implant surface due to the creation of micro- and
nanometric features [16,18]. Our group has previously fabricated and characterized a nano-
to-micro roughened surface produced by Yb:YAG laser ablation [10]. Besides changing
the surface roughness, the melting caused by laser ablation led to the incorporation of
atmospheric gases and the formation of a TiO2 layer containing both the rutile and anatase
phases [10]. In agreement with previous publications showing that the anatase phase of
titanium plays an important role in cell adhesion, proliferation, and differentiation [36,37],
our surface increased the expression of osteoblastic genes and their differentiation, as
shown by the increased ALPase activity and mineral nodule deposition [10]. Besides
the well-documented direct effect on bone cells in contact with the implant surface, laser
ablation might influence cytokine and growth factor expression and release patterns that
dictate paracrine osteogenesis in the bone/implant microenvironment [38–40]. Distance
osteogenesis occurs on the host bone at the peri-implant area, and it is an important
event for complete osseointegration and endosseous healing [3,23]. Here, we report that
the laser-ablated surface decreased the expression of Wnt modulator Dkk-1 in osteoblast
cultures. The conditioned medium obtained from these cultures induced the osteogenic
differentiation and activity of BMCs in a paracrine fashion.

Although the laser Ti surface-conditioned medium did not affect cell proliferation
and viability, it enhanced BMC ALPase activity and mineralized nodule formation com-
pared with the P-conditioned medium group, suggesting that the ALPase activity of bone
marrow stromal cells present in the host bone plays an important role in the bone matrix
calcification of the peri-implant area. It has been demonstrated that the Ti-conditioned
medium enhanced pre-osteoblast adhesion and activated key signaling proteins related to
bone metabolism [38]. The laser surface-conditioned medium also increased the mRNA
expression of Sp7, Bglap, and Alpl. It was recently reported that when stimulated with a con-
ditioned medium obtained from RAW cells cultured on microstructured Ti topographies,
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bone marrow stem cells exhibited nearly 1.5-fold higher expression of osteogenic genes and
production of mineralized nodules compared with the direct stimulation of Ti surfaces [40].
Recently, laser-induced micro–nano patterned structures were proven to overlay isotropic
and anisotropic cues that could influence cell shape and induce nuclear orientation and
activation of the Wnt/β-catenin pathway, signaling to increase the expression and activa-
tion of integrin α5, integrin β1, cadherin 2, Runx2, OPN, and OCN [30]. The decreased
expression of the Wnt/β-catenin inhibitor Dkk-1, allied to the subsequent increased release
of bone-related proteins induced by laser-irradiated Ti surface, may explain the modulation
of BMC differentiation.

The Wnt/β-catenin signaling pathway is an important mechanism that interferes in
cell proliferation, cell polarity, and cell fate determination during embryonic and postnatal
development [24]. Bone diseases, such as osteoporosis, pseudoglioma syndrome, scleros-
teosis, and van Buchem’s disease, have been associated with atypical Wnt signaling [41].
The Wnt signaling pathway is one of the most critical regulators of bone tissue formation
and homeostasis. The Wnt/β-catenin inhibitor Dkk-1 negatively regulates bone mass, and
the reduction of this molecule results in increased bone mass in mice [42]. In the present
study, the expression of Dkk-1 decreased on osteoblasts cultured on the L surface group,
suggesting that besides the direct mechanical stimulation on cellular cytoskeleton and its in-
tegrin receptors [43], the laser treatment might modulate osteogenesis occurring within the
implant/bone microenvironment by downregulating the Wnt canonical signaling inhibitor.
We also analyzed the expression of another important inhibitor of Wnt signaling, sclerostin,
an important factor regulating bone mass [44]. However, sclerostin (SOST) mRNA was
not detected in any experimental groups. Since osteocytes are the leading producers of
SOST, several growth factors and bone-related proteins have been deposited in ECM during
mineralization [45,46]. We believe that the levels of SOST present in the osteoblast culture
supernatant were insufficient to be reactive in ELISA measurement.

As demonstrated, the laser-modified Ti surface can affect bone cells at a distance, en-
hancing paracrine mineralized tissue formation by downregulating Dkk-1 and modulating
osteoblastic lineage transcription factors and key protein expression. Additionally, the
conditioned medium is a worthy tool for stimulating bone regeneration. Cultured MSCs
secrete several growth factors and cytokines into the medium with the potential to stimulate
tissue regeneration [47]. Pioneering studies have reported that the conditioned medium
from mesenchymal stem cells improved bone regeneration in critical-sized calvarial defects
in rats [48]. Moreover, the bone-conditioned medium enhanced osteoblastic differentiation
on collagen membranes [49] and inorganic bovine bone grafts [50]. Thus, understanding
how cells interact with different surfaces will provide new avenues for bone engineering.
There are a plethora of surface modifications nowadays [51], and they can be used not
only to accelerate the osseointegration of implanted devices but also to serve as bioreactors
for the production of “bone growth media”. However, further molecular investigations,
gene editing tools, and in vivo studies are still needed to extend the understanding of the
underlying mechanisms governing surface-induced paracrine osteogenesis.

5. Conclusions

Considering the methodology used in the present study, one may conclude that modi-
fying the Ti surface with Yb:YAG laser positively impacts osteoblast behavior, enhancing
the expression of key osteoblastic markers and downregulating the Wnt signaling inhibitor
Dkk-1. The pre-conditioned medium stimulated the bone marrow cells into an osteogenic
phenotype showing that laser-ablated surfaces might affect the bone tissue regeneration
process occurring at a distance in the bone/implant microenvironment.
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Abstract: Background: The events of bone formation and osteoblast/titanium (Ti) interactions may
be affected by Hedgehog and Notch signalling pathways. Herein, we investigated the effects of
modulation of these signalling pathways on osteoblast differentiation caused by the nanostructured
Ti (Ti-Nano) generated by H2SO4/H2O2. Methods: Osteoblasts from newborn rat calvariae were
cultured on Ti-Control and Ti-Nano in the presence of the Hedgehog agonist purmorphamine or antag-
onist cyclopamine and of the Notch antagonist N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester (DAPT) or agonist bexarotene. Osteoblast differentiation was evaluated by alkaline
phosphatase activity and mineralization, and the expression of Hedgehog and Notch receptors was
also evaluated. Results: In general, purmorphamine and DAPT increased while cyclopamine and
bexarotene decreased osteoblast differentiation and regulated the receptor expression on both Ti
surfaces, with more prominent effects on Ti-Nano. The purmorphamine and DAPT combination
exhibited synergistic effects on osteoblast differentiation that was more intense on Ti-Nano. Conclu-
sion: Our results indicated that the Hedgehog and Notch signalling pathways drive osteoblast/Ti
interactions more intensely on nanotopography. We also demonstrated that combining Hedgehog
activation with Notch inhibition exhibits synergistic effects on osteoblast differentiation, especially
on Ti-Nano. The uncovering of these cellular mechanisms contributes to create strategies to control
the process of osseointegration based on the development of nanostructured surfaces.

Keywords: hedgehog; nanotopography; notch; osteoblast; titanium

1. Introduction

Regenerative dentistry is based on developing strategies for inducting and maintaining
cellular functions to promote oral tissue’s structural and functional reestablishment [1–3].
In this context, osteogenesis is characterized by the sequential steps of cell adhesion,
proliferation, differentiation, extracellular matrix apposition, and mineralization dependent
on cellular signalling pathways [4]. Among these pathways, the Hedgehog and Notch act
in several cellular processes, including osteoblast differentiation [5,6].

The Hedgehog signalling pathway acts on cell proliferation during embryonic devel-
opment, stem cell maintenance, tissue repair, and regeneration [7–10]. When the Hedgehog
precursor protein binds to the patched-1 (PTCH1) receptor, the smoothened (SMO) protein
becomes constitutively active. It induces the signalling cascade, stabilizing the family zinc
finger 2 transcription factor (GLI2) [11]. GLI2 is translocated to the nucleus and induces
transcription of target genes, such as Ptch1, Gli1, and Gli2, and bone morphogenetic proteins
(BMPs) [12]. In the absence of Hedgehog-PTCH1 binding, the SMO protein remains inac-
tive, and the suppressor of fused protein is activated, which downregulates the pathway
and leads to the production of Gli3 [13]. Purmorphamine, an agonist of the Hedgehog
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pathway, increases the expression of the runt-related transcription factor 2 (Runx2) in osteo-
progenitor cells, favours the differentiation of osteoblasts and the formation of mineralized
extracellular matrix [14–17]. The effects of purmorphamine are induced by the stimulation
of the signalling cascade and an increase in the expression of the genes Gli1, Gli2, Ptch1,
and Ptch2 [18,19]. Cyclopamine, an antagonist of the Hedgehog pathway, binds to the SMO
protein and inhibits its activity by changing the protein conformation, inhibiting GLI1 and
GLI2 [20,21]. Cyclopamine reduces the expression of Ptch1 and alters the pattern of the
BMP-2 expression in osteoblasts [22,23].

The Notch signalling pathway is involved in cellular proliferation and differentiation
processes, mainly during embryonic development [24,25]. The interaction of the ligand
with the receptor releases the intracellular domain of the Notch receptor (NICD), which
is translocated from the membrane to the nucleus, acting as a transcriptional coactivator.
This domain heterodimerizes with a protein complex containing the DNA-binding protein,
called recombination signal sequence-binding protein Jk. This interaction results in the
removal of corepressors, recruitment of co-activators, and, consequently, in the transcription
of target genes from the hairy/enhancer of split (Hes) and hairy-related transcription factor
(Hey) families [26]. While the HES1 subtype favours, the HEY1 and HEY2 subtypes strongly
inhibit RUNX2 activity [27–31]. Bexarotene is a Notch agonist that exerts its biological action
by binding to the gamma-secretase protein complex, inducing activation of the pathway,
which inhibits cell growth and differentiation [32]. In contrast, the Notch antagonist N-(3,5-
Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT), an inhibitor of the
gamma-secretase protein complex, promotes osteogenesis [33,34].

The modulation of these cellular mechanisms using agonists and antagonists can
affect the bone tissue and titanium (Ti) implants interaction, which also depends on surface
characteristics. The mechanisms of favouring or inducing osteoblast differentiation by
topographical and chemical characteristics of Ti surfaces have been widely discussed in the
literature [35–38]. The investigation of the behaviour of cells cultured on Ti with nanoto-
pography (Ti-Nano) obtained through chemical conditioning with H2SO4/H2O2 showed
that nanotopography induces osteoblast differentiation in osteogenic and non-osteogenic
environments [39–41]. To date, we have shown the participation of integrin, BMP, and
Wnt signalling pathways in the osteogenic potential of this nanotopography [39,42–46].
As Hedgehog and Notch regulate osteogenesis and their possible involvement with the
osteogenic potential of Ti-Nano has not been investigated yet, we hypothesized that Hedge-
hog and Notch signalling pathways participate in the nanotopography-induced osteoblast
differentiation. Thus, this study aimed to investigate the effects of agonists and antagonists
of these signalling pathways on the osteoblast differentiation of cells grown on Ti-Nano.

2. Materials and Methods

2.1. Ti Surface Modification and Characterization

All reagents were laboratory grade. There were two commercially pure grade Ti
discs (13 × 2 mm, Realum, São Paulo, SP, Brazil) conditioned with a 10 N H2SO4 (Merck
Millipore, Darmstadt, Hesse, Germany) and 30% H2O2 (Merck Millipore) solution for 4 h
to create nanotopography (Ti-Nano), as previously described [40]. The control samples
were non-treated Ti discs (Ti-Control). To characterize the surface topography, the Ti discs
were examined under field emission scanning electron microscopy (SEM) operated at 5 kV
(Inspect S50, FEI Company, Hillsboro, OR, USA).

2.2. Selection of the Concentrations of the Hedgehog and Notch Agonists and Antagonists
2.2.1. Preparation of the Hedgehog and Notch Agonists and Antagonists

The Hedgehog agonist purmorphamine [2-(1-Naphthoxy)-6-(4-morpholinoanilino)-9-
cyclohexylpurin] (Sigma-Aldrich, Saint Louis, MO, USA) was prepared at different con-
centrations of 0.5, 1, and 2 μM. The antagonist cyclopamine-KAAD [3-keto-N-aminoethyl-
N’-aminocaproyldihydrocinnamoyl cyclopamine] (Calbiochem, Gibbstown, NJ, USA)
was prepared at different concentrations of 10, 100, and 1000 nM. The Notch antago-
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nist DAPT [GSI-IX, LY-374973, N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester] (Sigma-Aldrich) was prepared at different concentrations of 10, 15, and
20 μM, and the antagonist bexarotene [4-[1-(5,6,7,8-Tetrahydro-3,5,5,8,8-pentamethyl-2-
naphthalenyl)ethenyl)benzoic acid] (Santa Cruz Biotechnology, Dallas, TX, USA) was
prepared at different concentrations of 0.1, 0.5, and 1 μM. All agonists and antagonists were
dissolved in the vehicle dimethylsulfoxide (DMSO, Sigma-Aldrich) and diluted in a culture
medium, and the concentrations were selected based on the literature [18,19,32,34].

2.2.2. Isolation and Culture of Osteoblasts

After approval of the Ethics Committee on the Use of Animals of the School of Den-
tistry of Ribeirão Preto, University of São Paulo (Protocol # 2019.5.309.58.0), the osteoblasts
were isolated from calvariae of newborn male Sprague-Dawley rats aged 2–4 days, as pre-
viously described [47,48]. Osteoblasts (2 × 104 cells per well) were cultured in a minimum
essential medium, alpha modification (α-MEM, (Gibco-Life Technologies, Waltham, MA,
USA)) supplemented with 10% foetal bovine serum (Gibco-Life Technologies), 5 μg/mL
ascorbic acid (Gibco-Life Technologies), 7 mM β-glycerophosphate (Sigma-Aldrich), and
50 μg/mL gentamicin in 24-well polystyrene culture plates (Corning Life Sciences, Corning,
NY, USA). The cultures were kept for up to 17 days at 37 ◦C in a humidified atmosphere (5%
CO2 and 95% atmospheric air) in the presence of either the vehicle (DMSO), the Hedgehog,
or Notch agonists and antagonists.

2.2.3. Analysis of Gene Expression by Real-Time Polymerase Chain Reaction (RT-qPCR)

The osteoblastic marker osteopontin (Opn) gene expression was evaluated on day
10 by RT-qPCR. The total RNA was extracted using the SV Total RNA Isolation System
kit (Promega, Fitchburg, WI, USA) and reverse transcription reaction was carried out to
synthesize the complementary DNA (cDNA) using the High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA). For RT-qPCR, the SYBR
Green system, and primers (Table 1) were used in the QuantStudio™ 7 Flex System device
(Applied Biosystems, Waltham, MA, USA). The reactions were done (n = 4) and the data
analysed using the cycle threshold value (Ct). The expression of the constitutive gene
eukaryotic translation initiation factor 2B, subunit 1 alpha (Eif2b1) was evaluated, and the
2-ddCt method was used to compare the gene expression of the experimental groups [49,50].

Table 1. Primer sequences for RT-qPCR.

Gene Forward Reverse

Opn GAAGCCTGACCCATCTCAGAA GTTGCTTGGAAGAGTTTCTTGCTT
Runx2 CGTATTTCAGATGATGACACTGCC AAATGCCTGGGAACTGCCTG

Alp TACTGCTGATCACTCCCACG ACCGTCCACCACCTTGTAAC
Gli1 ACCTGCAAACCGTAATCCGT TCCTAAAGAAGGGCTCATGGTG
Gli2 CCAACCAGAATAAGCAGAACAGC TGAGATCAGCCAGTTGCTCC
Gli3 AGTCAGCCCTGCGGAATACT GGGAAATCTGGTGCTGTCCAT
Hes1 ACGACACCGGACAAACCAAA CGGGAGCTATCTTTCTTAAGTGCAT
Hey1 GCCGACGAGACCGAATCAAT ATAGTCCATAGCCAGGGCGT
Hey2 CGTGGGGAGCGAGAACAATTA ATTTATTCGATCCCGACGCCT
Eif2β ACCTCCCTGGAATACTCTGACT TCGCCCCGTCTTTGATGAAT

2.2.4. Analysis of the ALP Activity by Fast Red Staining

The ALP activity was evaluated on day 7 using Fast red staining, as previously
described [51]. The cultures were incubated with 1 mL of a solution containing 1.8 mM
Fast Red-TR Salt (Sigma-Aldrich), 0.9 mM Naphthol AS-MX phosphate (Sigma-Aldrich),
and 4 mg/mL dimethylformamide (Sigma-Aldrich) for 30 min. The wells were dried and
macroscopic images of the whole wells with the stained cultures were obtained with a
high-resolution camera (Canon EOS Digital Rebel Camera, Canon, Lake Success, NY, USA).
The stained areas of the whole wells were quantified by counting the pixels using the
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ImageJ 1.52 software (National Institute of Mental Health, Bethesda, MD, USA). The data
(n = 5) were expressed as a percentage of area.

2.2.5. Analysis of the Extracellular MATRIX Mineralization by Alizarin Red Staining

The formation of a mineralized extracellular matrix was evaluated on day 17 by
Alizarin red staining. The cultures were fixed with 10% formalin at 4 ◦C for 24 h, dehy-
drated with alcohol, dried, and stained with 2% Alizarin red (Sigma-Aldrich), and the
quantification was performed according to what was previously described [52]. The ab-
sorbance was measured in a spectrophotometer (BioTek Instruments Inc., Winooski, VT,
USA) using a wavelength of 405 nm, and the data (n = 5) were expressed as absorbance.

2.3. Effects of the Hedgehog Signalling Modulation on Osteoblast Differentiation and Expression of
Hedgehog Receptors in Cells Grown on Ti-Control and Ti-Nano

The osteoblasts were cultured on Ti-Control and Ti-Nano discs in 24-well polystyrene
culture plates (Corning Life Sciences) at a density of 2 × 104 cells per disc in the presence of
either vehicle, the agonist purmorphamine (Sigma-Aldrich) or the antagonist cyclopamine
(Calbiochem) at the previously selected concentrations. The analyses of the gene expression
of Runx2, Opn, Alp, Gli1, Gli2, and Gli3 using the primers presented in Table 1, ALP activity,
and extracellular matrix mineralization were performed as already detailed here, at the
same time points. Additionally, the expression of RUNX2 and GLI1 proteins was evaluated
by western blot on day 10.

Analysis of the Protein Expression by Western Blot

Western blot detected the expression of RUNX2 and GLI1 proteins on day 10 as
previously described [40]. The cells were lysed and 25 μg of the total protein was denatured,
separated in SDS polyacrylamide electrophoresis gel, and transferred to a PVDF membrane
(Bio-Rad Laboratories, Hercules, CA, USA). The antibodies used were primary antibody
either anti-RUNX2 (8486, 1:1000; Cell Signaling Technology, Danvers, MA, USA), anti-
GLI1 (ab273018-1:1000; Abcam, Cambridge, UK) or anti-GAPDH (sc-25778, 1:1000; Santa
Cruz Biotechnology, Dallas, TX, USA), and secondary antibody goat anti-rabbit IgG (7074,
1:3000, Cell Signaling Technology). The proteins were revealed with ClarityTM Western
ECL Substrate (PerkinElmer Life Sciences, Waltham, MA, USA), and the images were
obtained in a G: BOX device (Syngene, Cambridge, UK). The RUNX2 and GLI1 expressions
were quantified (n = 3) using ImageJ Software (NIH, Bethesda, MD, USA) and normalized
to GAPDH.

2.4. Effects of the Notch Signalling Modulation on Osteoblast Differentiation and the Expression of
Notch Receptors in Cells Grown on Ti-Control and Ti-Nano

Osteoblasts were cultured on Ti-Control and Ti-Nano discs in 24-well polystyrene
culture plates (Corning Life Sciences) at a density of 2 × 104 cells per disc in the presence
of either vehicle, the antagonist DAPT (Sigma-Aldrich) or the agonist bexarotene (Santa
Cruz Biotechnology) at the previously selected concentrations. The analyses of the gene
expression of Runx2, Opn, Alp, Hes1, Hey2, and Hey3 using the primers presented in Table 1,
the protein expression of RUNX2 and HES1, ALP activity, and extracellular matrix mineral-
ization were done as already detailed here, at the same time points. The antibody used to
detect HES1 by western blot was anti-HES1 (11,988, 1:1000; Cell Signalling Technology), and
the secondary antibody was goat anti-rabbit IgG (7074, 1:3000, Cell Signaling Technology).

2.5. Effects of the Combination of the Hedgehog and Notch Signalling Modulation on the Gene
Expression of Bone Markers in Cells Grown on Ti-Control and Ti-Nano

To evaluate the effects of combining the modulation of both Hedgehog and Notch
signalling, osteoblasts were cultured on Ti-Control and Ti-Nano discs in 24-well polystyrene
culture plates (Corning Life Sciences) at a density of 2 × 104 cells per disc in the presence
of either vehicle, the association of the Hedgehog agonist purmorphamine (Sigma-Aldrich)
with the Notch antagonist DAPT (Sigma-Aldrich) or the association of the Hedgehog
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antagonist cyclopamine (Calbiochem) with the Notch agonist bexarotene (Santa Cruz
Biotechnology) at the previously selected concentrations. The analyses of the gene expres-
sion of Runx2, Opn, and Alp using the primers presented in Table 1 were done, as already
detailed here, at the same time.

2.6. Statistical Analysis

The software SigmaPlot free trial version 15.0 (Systat Software Inc., San Jose, CA, USA)
was used to analyse the data. The data of concentrations’ selection of the Hedgehog and
Notch agonists and antagonists were analysed by one-way ANOVA, followed by Tukey’s
post-test. The data of the effects of the Hedgehog and Notch signalling modulation on
osteoblast differentiation and the expression of Hedgehog and Notch receptors in the cells
grown on Ti-Control and Ti-Nano were analysed using two-way ANOVA, followed by the
Tukey’s post-test. The results were expressed as the mean ± standard deviation (SD), and
the significance level was established at p ≤ 0.05.

3. Results

3.1. Ti-Control and Ti-Nano Surfaces

The SEM demonstrated that Ti-Control presents a polished surface (Figure 1A), and
the Ti-Nano produced by H2SO4/H2O2 treatment exhibited nanopores over the entire
surface (Figure 1B).

 
Figure 1. Surface topography of the titanium (Ti) discs. Images generated by scanning electron microg-
raphy of polished Ti ((A), Ti-Control) and nanostructured Ti ((B), Ti-Nano). Scale bar (A,B): 200 nm.
Original magnification: 100,000×.
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3.2. Selection of the Concentration of the Hedgehog and Notch Agonists and Antagonists

The selection of the concentration of the Hedgehog and Notch agonists and antago-
nists was based on the Opn gene expression, ALP activity, and extracellular matrix min-
eralization of cells grown on polystyrene. Higher osteoblast differentiation induced by
purmorphamine was observed at a concentration of 2 M (Figure 2A–C). The Opn gene
expression was higher at a concentration of 2 μM compared with 1 μM (p < 0.001), which
was higher than 0.5 μM (p < 0.001) and vehicle (p < 0.001), and there was no statistically
significant difference between 0.5 μM and vehicle (p = 0.992, Figure 2A). The ALP ac-
tivity was higher at the concentration of 2 μM compared with 1 μM (p < 0.001), 0.5 μM
(p < 0.001), and vehicle (p < 0.001), which was lower in vehicle compared with 0.5 μM
(p < 0.001) and 1 μM (p < 0.001), without statistically significant difference between them
(p = 0.520, Figure 2B). The extracellular matrix mineralization was greater at the concentra-
tion of 2 μM compared with 1 μM (p < 0.001), which was higher than 0.5 μM (p < 0.001)
and vehicle (p < 0.001), and there was no statistically significant difference between the
vehicle and 0.5 μM (p = 1.000, Figure 2C). The best effect of cyclopamine in decreasing
osteoblast differentiation was observed at the concentration of 1000 nM (Figure 2D–F);
however, as cyclopamine 1000 nM exhibited some cytotoxic effect, we selected 10 nM for
further experiments. The Opn gene expression was lower at the concentration of 1000 nM
compared with 10 nM (p < 0.001), which was lower than 100 nM (p < 0.001) and vehicle
(p < 0.001), and there was no statistically significant difference between them (p = 0.549,
Figure 2D). The ALP activity was lower at the concentration of 1000 nM compared with
10 nM (p = 0.001), which was lower than 100 nM (p < 0.001) that was lower than the
vehicle (p < 0.001, Figure 2E). The extracellular matrix mineralization was lower at the
concentrations of 1000 nM and 10 nM compared with 100 nM (p = 0.002 and p = 0.009)
and vehicle (p = 0.001 and p = 0.004), without statistically significant differences between
1000 nm and 10 nM (p = 0.553), and 100 nM and vehicle (p = 0.937, Figure 2F). The best
effect of DAPT in increasing osteoblast differentiation was observed at the concentration
of 20 μM (Figure 2G–I). The Opn gene expression was higher at the concentration of
20 μM compared with 15 μM (p = 0.028), 10 μM (p = 0.005), and vehicle (p = 0.002),
and there were no statistically significant differences among vehicle, 10 μM and 15 μM
((p = 0.384, p = 0.775, and p = 0.894, Figure 2G). The ALP activity was higher at the con-
centrations of 20 μM and 15 μM compared with 10 μM (p < 0.001 and p < 0.001) and
vehicle (p < 0.001 and p < 0.001), without statistically significant differences between
20 μM and 15 μM (p = 0.831), and 10 μM and vehicle (p = 0.871, Figure 2H). The extra-
cellular matrix mineralization was higher at the concentration of 20 μM compared with
15 μM (p = 0.041), 10 μM (p = 0.027), and vehicle (p = 0.014), and there were no statisti-
cally significant differences among vehicle, 10 μM and 15 μM (p = 0.866, p = 0.990, and
p = 0.964, Figure 2I). The best effect of bexarotene in decreasing osteoblast differentiation
was observed at the concentration of 0.1 μM (Figure 2J–L). The Opn gene expression was
lower at 0.1 μM compared with 0.5 μM (p = 0.013) and 1 μM (p = 0.003), which were lower
than vehicle (p < 0.001 and p < 0.001), and there was no statistically significant difference
between 0.5 μM and 1 μM (p = 0.809, Figure 2J). The ALP activity was lower at the con-
centrations of 0.1 μM and 0.5 μM compared with 1 μM (p < 0.001, p < 0.001), which was
lower than vehicle (p = 0.007), and there was no statistically significant difference between
0.1 μM and 0.5 μM (p = 0.918, Figure 2K). The extracellular matrix mineralization was lower
at the concentrations of 0.1 μM and 1 μM compared with 0.5 μM (p = 0.024 and p = 0.034)
and vehicle (p = 0.012 and p = 0.016), without statistically significant differences between
0.1 μM and 1 μM (p = 0.994), and 0.5 μM and vehicle (p = 0.948, Figure 2L). Based on these
results, we selected the following concentrations for the further experiments of this study:
purmorphamine 2 μM, cyclopamine 10 nM, DAPT 20 μM, and bexarotene 0.1 μM.
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Figure 2. Selection of the concentrations of the Hedgehog and Notch agonists and antagonists
based on their effects on osteoblast differentiation. Osteopontin (Opn) gene expression on day
10 (A), alkaline phosphatase (ALP) activity on day 7 (B), and extracellular matrix mineralization
on day 17 (C) in osteoblasts cultured on polystyrene with either vehicle or the Hedgehog agonist
Purmorphamine (PUR) at the concentrations of 0.5, 1, and 2 μM of (PUR). Opn gene expression on
day 10 (D), alkaline phosphatase (ALP) activity on day 7 (E), and extracellular matrix mineralization
on day 17 (F) in osteoblasts cultured on polystyrene with either vehicle or with cyclopamine (CLP) at
the concentrations of 10, 100, and 1000 nM. Opn gene expression on day 10 (G), alkaline phosphatase
(ALP) activity on day 7 (H), and extracellular matrix mineralization on day 17 (I) in osteoblasts
cultured on polystyrene with either vehicle or with DAPT at the concentrations of 10, 15, and 20 μM.
Opn gene expression on day 10 (J), alkaline phosphatase (ALP) activity on day 7 (K), and extracellular
matrix mineralization on day 17 (L) in osteoblasts cultured on polystyrene with either vehicle or with
bexarotene (BEXA) at the concentrations of 0.1, 0.5, and 1 μM. The original diameter of the bottom
of the polystyrene wells presented in (B,C,E,F,H,I,K,L) is 15.62 mm. The data are presented as the
mean ± SD, and the asterisks (*) indicate a statistically significant difference (p ≤ 0.05).
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3.3. Effects of the Hedgehog Signalling Modulation on Osteoblast Differentiation and the
Expression of Hedgehog Receptors in Cells Grown on Ti-Control and Ti-Nano

The interaction between Ti surfaces and purmorphamine treatment affected the gene
expression of Runx2 (p ≤ 0.001), Alp (p ≤ 0.001), and Opn (p = 0.043, Figure 3A). Pur-
morphamine upregulated the gene expression of Runx2 (p < 0.001 and p < 0.001), Alp
(p = 0.001 and p = 0.004), and Opn (p < 0.001and p < 0.001) in cells grown on both Ti-
Control and Ti-Nano (Figure 3A). In the presence of vehicle, the gene expression of Runx2
(p < 0.001) was lower, while Alp (p < 0.001) and Opn (p = 0.008) was higher in cells
grown on Ti-Nano than on Ti-Control (Figure 3A). In the presence of purmorphamine,
the gene expression of Runx2 (p < 0.001), Alp (p < 0.001), and Opn (p < 0.001) was higher
in cells grown on Ti-Nano than on Ti-Control (Figure 3A). The interaction between Ti
surfaces and purmorphamine treatment also affected the RUNX2 protein expression
(p ≤ 0.001), Figure 3B). Purmorphamine increased the RUNX2 protein expression (p = 0.003
and p = 0.016) in the cells grown on both Ti-Control and Ti-Nano (Figure 3B). In the
presence of vehicle or purmorphamine, the RUNX2 protein expression (p < 0.001 and
p < 0.001) was higher in cells grown on Ti-Nano than on Ti-Control (Figure 3B). The interac-
tion between Ti surfaces and purmorphamine treatment did not affect the expression of ALP
activity (p = 0.270, Figure 3C). Purmorphamine increased the ALP activity (p < 0.001 and
p < 0.001) in cells grown on both Ti-Control and Ti-Nano (Figure 3C). In the presence
of vehicle, the ALP activity (p = 0.431) was not affected by Ti surfaces (Figure 3C). In
the presence of purmorphamine, the ALP activity (0.028) was higher on Ti-Nano than
Ti-Control (Figure 3C). The interaction between Ti surfaces and purmorphamine treatment
did not affect the extracellular matrix mineralization (p = 0.111, Figure 3D). Purmorphamine
increased the extracellular matrix mineralization (p < 0.001 and p < 0.001) in the cells grown
on both Ti-Control and Ti-Nano (Figure 3D). In the presence of vehicle or purmorphamine,
the extracellular matrix mineralization (p = 0.284 and p = 0.221) was not affected by Ti
surfaces (Figure 3D). The interaction between Ti surfaces and purmorphamine treatment
affected the expression of Gli1 (p ≤ 0.001), Gli2 (p ≤ 0.001), and Gli3 (p ≤ 0.001, Figure 3E).
Purmorphamine upregulated the gene expression of Gli1 (p < 0.001 and p < 0.001), Gli2
(p < 0.001 and p < 0.001), and downregulated Gli3 (p < 0.001and p < 0.001) in cells grown on
both Ti-Control and Ti-Nano (Figure 3E). In the presence of vehicle, the gene expression of
Gli1 (p = 0.018) was higher, while Gli2 (p < 0.001) and Gli3 (p < 0.001) were lower in cells
grown on Ti-Nano than on Ti-Control (Figure 3E). In the presence of purmorphamine, the
gene expression of Gli1 (p = 0.001) and Gli2 (p < 0.001) was higher, while Gli3 (p < 0.001)
was lower in cells grown on Ti-Nano than on Ti-Control (Figure 3E). The interaction be-
tween Ti surfaces and purmorphamine treatment also affected the GLI1 protein expression
(p < 0.001, Figure 3F). Purmorphamine increased the GLI1 protein expression (p = 0.003 and
p = 0.016) in cells grown on Ti-Control and Ti-Nano (Figure 3F). In the presence of vehicle
or purmorphamine, the GLI1 protein expression (p < 0.001 and p < 0.001) was higher in
cells grown on Ti-Nano than on Ti-Control (Figure 3F).

The interaction between Ti surfaces and cyclopamine treatment affected the gene ex-
pression of Runx2 (p ≤ 0.001), Alp (p = 0.001), and Opn (p ≤ 0.001, Figure 4A). Cyclopamine
downregulated the gene expression of Runx2 (p < 0.001 and p < 0.001), Alp (p < 0.001 and
p < 0.001), and Opn (p < 0.001 and p < 0.001) in cells grown on both Ti-Control and Ti-Nano
(Figure 3B). In the presence of vehicle, the gene expression of Runx2 (p < 0.001) was lower,
while Alp (p = 0.020) and Opn (p < 0.001) were higher in cells grown on Ti-Nano than
on Ti-Control (Figure 4A). In the presence of cyclopamine, the gene expression of Runx2
(p = 0.038), Alp (p = 0.009), and Opn (p < 0.001) was lower in cells grown on Ti-Nano than
on Ti-Control (Figure 4A). The interaction between Ti surfaces and cyclopamine treat-
ment also affected the RUNX2 protein expression ((p ≤ 0.001), Figure 4B). Cyclopamine
decreased the RUNX2 protein expression (p < 0.001 and p < 0.001) in cells grown on both Ti-
Control and Ti-Nano (Figure 4B). In the presence of vehicle, the RUNX2 protein expression
(p < 0.001 and p < 0.001) was higher, while in the presence of cyclopamine, it was lower
in cells grown on Ti-Nano than on Ti-Control (Figure 4B). The interaction between Ti
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surfaces and cyclopamine treatment did not affect the ALP activity (p = 0.647, Figure 4C)
and extracellular matrix mineralization (p = 0.653, Figure 4D). Cyclopamine decreased the
ALP activity (p < 0.001 and p < 0.001, Figure 4C) and extracellular matrix mineralization
(p < 0.001 and p < 0.001, Figure 4D) in cells grown on both Ti-Control and Ti-Nano. In the
presence of vehicle or cyclopamine, the ALP activity (p = 0.513 and p = 0.993, Figure 4C)
and extracellular matrix mineralization (p = 0.185 and p = 0.059, Figure 4D) were not
affected by Ti surfaces. The interaction between Ti surfaces and cyclopamine treatment
affected the expression of Gli1 (p ≤ 0.001), Gli2 (p ≤ 0.001), and Gli3 (p = 0.001, Figure 4E).
Cyclopamine downregulated the gene expression of Gli1 (p < 0.001 and p < 0.001) and Gli2
(p < 0.001 and p < 0.001) and upregulated Gli3 (p < 0.001 and p < 0.001) in cells grown on
both Ti-Control and Ti-Nano (Figure 4E). In the presence of vehicle, the gene expression
of Gli1 (p = 0.346) was not affected, while Gli2 (p < 0.001) was higher and Gli3 (p < 0.001)
was lower in cells grown on Ti-Nano than on Ti-Control (Figure 4E). In the presence of
cyclopamine, the gene expression of Gli1 (p = 0.006) and Gli2 (p < 0.001) was lower, while
Gli3 (p < 0.001) was higher in cells grown on Ti-Nano than on Ti-Control (Figure 4E). The
interaction between Ti surfaces and cyclopamine treatment also affected the GLI1 protein
expression (p ≤ 0.001, Figure 4F). Cyclopamine decreased the GLI1 protein expression
(p < 0.001, p < 0.001) in cells grown on both Ti-Control and Ti-Nano (Figure 4F). In the
presence of vehicle or cyclopamine, the GLI1 protein expression (p = 0.006 and p < 0.001)
was higher in cells grown on Ti-Nano than on Ti-Control (Figure 4F).

3.4. Effects of the Notch Signalling Modulation on Osteoblast Differentiation and the Expression of
Notch Receptors in the Cells Grown on Ti-Control and Ti-Nano

The interaction between Ti surfaces and DAPT treatment did not affect the gene ex-
pression of Runx2 (p = 0.757) but affected Alp (p = 0.043) and Opn (p = 0.026, Figure 5A).
DAPT upregulated the gene expression of Runx2 (p < 0.001 and p < 0.001), Alp (p < 0.001
and p = 0.008), and Opn (p < 0.001 and p < 0.001) in cells grown on both Ti-Control and
Ti-Nano (Figure 5A). In the presence of vehicle, the gene expression of Runx2 (p = 0.114), Alp
(p = 0.863), and Opn (p = 0.938) was not affected by Ti surfaces (Figure 5A). In the presence
of DAPT, the gene expression of Runx2 (p = 0.233) were not affected, while Alp (p = 0.011)
and Opn (p = 0.005) were higher in cells grown on Ti-Nano than on Ti-Control (Figure 5A).
The interaction between Ti surfaces and DAPT treatment also affected the RUNX2 pro-
tein expression (p ≤ 0.001, Figure 5B). DAPT increased the RUNX2 protein expression
(p < 0.001 and p < 0.001) in cells grown on both Ti-Control and Ti-Nano (Figure 5B). In the
presence of vehicle, the RUNX2 protein expression was not affected (p = 0.571), while in the
presence of DAPT, it was higher (p = 0.016) in cells grown on Ti-Nano than on Ti-Control
(Figure 5B). The interaction between Ti surfaces and DAPT treatment affected the ALP
activity (p ≤ 0.001, Figure 5C) and extracellular matrix mineralization (p = 0.014, Figure 5D).
DAPT increased the ALP activity (p < 0.001 and p < 0.001, Figure 5C) and extracellular
matrix mineralization (p < 0.001 and p < 0.001, Figure 5D) in cells grown on both Ti-Control
and Ti-Nano. In the presence of either vehicle or DAPT, the ALP activity (p = 0.007 and
p = 0.023) was greater in cells grown on Ti-Nano than on Ti-Control (Figure 5C). In the
presence of vehicle, the extracellular matrix mineralization was not affected (p = 0.527),
while in the presence of DAPT, it was greater (p = 0.005) in cells grown on Ti-Nano than on
Ti-Control (Figure 5D). The interaction between Ti surfaces and DAPT treatment affected
the gene expression of Hes1 (p = 0.002) but not of Hey1 (p = 0.869) and Hey2 (p = 0.681,
Figure 5E). DAPT upregulated the gene expression of Hes1 (p < 0.001 and p < 0.001) and
downregulated Hey1 (p < 0.001 and p < 0.001), and Hey2 (p < 0.001 and p < 0.001) in cells
grown on both Ti-Control and Ti-Nano (Figure 5E). In the presence of vehicle, the gene
expression of Hes1 (p = 0.202), Hey1 (p = 0.975), and Hey2 (p = 0.771) was not affected by
Ti surfaces (Figure 5E). In the presence of DAPT, the gene expression of Hes1 (p = 0.001)
was higher in cells grown on Ti-Nano than on Ti-Control, while Hey1 (p = 0.840) and Hey2
(p = 0.772) were not affected by Ti surfaces (Figure 3E). The interaction between Ti surfaces
and DAPT treatment also affected the HES1 protein expression (p ≤ 0.001, Figure 5F). DAPT
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increased the HES1 protein expression (p < 0.001 and p < 0.001) in cells grown on both
Ti-Control and Ti-Nano (Figure 5F). In the presence of vehicle, the HES1 protein expression
was not affected (p = 0.274), while in the presence of DAPT, it was higher (p = 0.003) in cells
grown on Ti-Nano than on Ti-Control (Figure 5F).

Figure 3. Effects of the Hedgehog agonist purmorphamine (PUR) on osteoblast differentiation and
the expression of Hedgehog receptors in osteoblasts grown on polished Ti (Ti-Control) and Ti with
nanotopography (Ti-Nano). The gene expression of the osteoblastic markers runt-related transcription
factor 2 (Runx2), osteopontin (Opn), and alkaline phosphatase activity (Alp) on day 10 (A), RUNX2
protein expression on day 10 (B), ALP activity on day 7 (C), extracellular matrix mineralization on
day 17 (D), gene expression of the Hedgehog receptors zinc finger 1, 2 and 3 transcription factors
(Gli1, Gli2, and Gli3) on day 10 (E) and GLI1 protein expression on day 10 (F) in osteoblasts cultured
on Ti-Control and Ti-Nano with either vehicle or PUR 2 μM. The original diameter of the Ti discs
presented in C and D is 13 mm. The data of gene expression (n = 4), protein expression (n = 3), ALP
activity (n = 5), and extracellular matrix mineralization (n = 5) are presented as mean ± SD, and
* indicate statistically significant differences (p ≤ 0.05).
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Figure 4. Effects of the Hedgehog antagonist cyclopamine (CLP) on osteoblast differentiation and
the expression of Hedgehog receptors in osteoblasts grown on polished Ti (Ti-Control) and Ti with
nanotopography (Ti-Nano). The gene expression of the osteoblastic markers runt-related transcription
factor 2 (Runx2), osteopontin (Opn), and alkaline phosphatase activity (Alp) on day 10 (A), RUNX2
protein expression on day 10 (B), ALP activity on day 7 (C), extracellular matrix mineralization on
day 17 (D), gene expression of the Hedgehog receptors zinc finger 1, 2 and 3 transcription factors
(Gli1, Gli2, and Gli3) on day 10 (E) and GLI1 protein expression on day 10 (F) in osteoblasts cultured
on Ti-Control and Ti-Nano with either vehicle or CLP 10 nM. The original diameter of the Ti discs
presented in C and D is 13 mm. The data of gene expression (n = 4), protein expression (n = 3), ALP
activity (n = 5), and extracellular matrix mineralization (n = 5) are presented as the mean ± SD, and
* indicates statistically significant differences (p ≤ 0.05).
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Figure 5. Effects of the Notch antagonist DAPT on osteoblast differentiation and the expression
of Notch receptors in osteoblasts grown on polished Ti (Ti-Control) and Ti with nanotopography
(Ti-Nano). The gene expression of the osteoblastic markers runt-related transcription factor 2 (Runx2),
osteopontin (Opn), and alkaline phosphatase activity (Alp) on day 10 (A), RUNX2 protein expression
on day 10 (B), ALP activity on day 7 (C), extracellular matrix mineralization on day 17 (D), gene
expression of the Notch receptors hairy/enhancer of split 1 (Hes1) and hairy-related transcription
factors 1 and 2 (Hey1 and Hey2) on day 10 (E) and HES1 protein expression on day 10 (F) in osteoblasts
cultured on Ti-Control and Ti-Nano with either vehicle or DAPT 20 μM. The original diameter of
the Ti discs presented in C and D is 13 mm. The data of gene expression (n = 4), protein expression
(n = 3), ALP activity (n = 5), and extracellular matrix mineralization (n = 5) are presented as the
mean ± SD, and * indicates statistically significant differences (p ≤ 0.05).

The interaction between Ti surfaces and bexarotene treatment did not affect the gene
expression of Runx2 (p = 0.061) but affected Alp (p = 0.014) and Opn (p = 0.019, Figure 6A).
Bexarotene downregulated the gene expression of Runx2 (p < 0.001 and p < 0.001), Alp
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(p = 0.004 and p < 0.001), and Opn (p < 0.001 and p < 0.001) in cells grown on both Ti-
Control and Ti-Nano (Figure 6A). In the presence of vehicle, the gene expression of Runx2
(p = 0.024) and Opn (p < 0.001) was lower, while Alp (p = 0.007) and was higher in cells
grown on Ti-Nano than on Ti-Control (Figure 6A). In the presence of bexarotene, the
gene expression of Runx2 (p = 0.746) and Alp (p = 0.439) was not affected, while Opn
(p = 0.041) was lower in cells grown on Ti-Nano than on Ti-Control (Figure 6A). The in-
teraction between Ti surfaces and bexarotene treatment also affected the RUNX2 protein
expression (p ≤ 0.001, Figure 6B). Bexarotene decreased the RUNX2 protein expression
(p < 0.001 and p < 0.001) in cells grown on both Ti-Control and Ti-Nano (Figure 6B). In
the presence of vehicle, the RUNX2 protein expression was higher (p < 0.001) in cells
grown on Ti-Nano than on Ti-Control, while in the presence of bexarotene, it was not
affected (p = 0.731) by Ti surfaces (Figure 6B). The interaction between Ti surfaces and
bexarotene treatment affected the ALP activity (p ≤ 0.001, Figure 6C) and extracellu-
lar matrix mineralization (p ≤ 0.001, Figure 6D). Bexarotene decreased the ALP activity
(p < 0.001 and p < 0.001, Figure 6C) and extracellular matrix mineralization (p = 0.002 and
p = 0.001, Figure 6D) in cells grown on both Ti-Control and Ti-Nano. In the presence of
vehicle or bexarotene, the ALP activity (p = 0.001 and p = 0.011) was higher in cells grown
on Ti-Nano than on Ti-Control (Figure 6C). In the presence of vehicle or bexarotene, the
extracellular matrix mineralization (p < 0.001 and p < 0.001) was lower in cells grown on
Ti-Nano than on Ti-Control (Figure 6D). The interaction between Ti surfaces and bexarotene
treatment affected the gene expression of Hes1 (p ≤ 0.001), Hey1 (p = 0.004), and Hey2
(p = 0.003, Figure 6E). Bexarotene downregulated the gene expression of Hes1 (p < 0.001
and p < 0.001) and upregulated Hey1 (p < 0.001 and p < 0.001) and Hey2 (p < 0.001 and
p = 0.004) in cells grown on both Ti-Control and Ti-Nano (Figure 6E). In the presence of
vehicle, the gene expression Hey1 (p = 0.740) was not affected, while Hes1 (p = 0.004) and
Hey2 (p = 0.002) were higher in cells grown on Ti-Control than on Ti-Nano (Figure 6E). In
the presence of bexarotene, the gene expression of Hes1 (p < 0.001), Hey1 (p < 0.001), and
Hey2 (p < 0.001) was lower in cells grown on Ti-Nano than on Ti-Control (Figure 6E).
The interaction between Ti surfaces and bexarotene treatment also affected the HES1 pro-
tein expression (p = 0.001, Figure 6F). Bexarotene decreased the HES1 protein expression
(p < 0.001 and p < 0.001) in cells grown on both Ti-Control and Ti-Nano (Figure 4F). In
the presence of vehicle, the HES1 protein expression was higher (p = 0.021), while, in
the presence of bexarotene, it was lower (p = 0.005) in cells grown on Ti-Nano than on
Ti-Control (Figure 6F).

3.5. Effects of the Combination of the Hedgehog and Notch Signalling Modulation on the Gene
Expression of Bone Markers in the Cells Grown on Ti-Control and Ti-Nano

The interaction between Ti surfaces and the treatment with the combination of pur-
morphamine and DAPT affected the expression of Runx2 (p ≤ 0.001), Alp (p ≤ 0.001), and
Opn (p ≤ 0.001, Figure 7). The combination of purmorphamine and DAPT upregulated the
gene expression of Runx2 (p < 0.001 and p < 0.001), Alp (p < 0.001 and p < 0.001), and Opn
(p < 0.001 and p < 0.001) in cells grown on both Ti-Control and Ti-Nano (Figure 7A). In
the presence of vehicle, the gene expression of Runx2 (p = 0.707), Alp (p = 0.345), and Opn
(p = 0.969) was not affected by Ti surfaces (Figure 7A). In the presence of the combination of
purmorphamine and DAPT, the gene expression of Runx2 (p < 0.001), Alp (p < 0.001), and
Opn (p < 0.001) was higher in cells grown on Ti-Nano than on Ti-Control (Figure 7A). The
interaction between Ti surfaces and the treatment with the combination of cyclopamine
and bexarotene affected the expression of Runx2 (p ≤ 0.001), Alp (p = 0.010), and Opn
(p ≤ 0.001, Figure 7B). The combination of cyclopamine and bexarotene downregulated the
gene expression of Runx2 (p = 0.001 and p < 0.001), Alp (p = 0.001 and p < 0.001), and Opn
(p = 0.001 and p < 0.001) in cells grown on both Ti-Control and Ti-Nano (Figure 7B). In
the presence of vehicle, the gene expression of Runx2 (p = 0.248), Alp (p = 0.416), and Opn
(p = 0.874) were not affected by Ti surfaces (Figure 7B). In the presence of the combination
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of cyclopamine and bexarotene, the gene expression of Runx2 (p < 0.001), Alp (p = 0.005),
and Opn (p < 0.001) was lower in cells grown on Ti-Nano than on Ti-Control (Figure 7B).

Figure 6. Effects of the Notch agonist bexarotene (BEXA) on osteoblast differentiation and the expres-
sion of Notch receptors in osteoblasts grown on polished Ti (Ti-Control) and Ti with nanotopography
(Ti-Nano). The gene expression of the osteoblastic markers runt-related transcription factor 2 (Runx2),
osteopontin (Opn), and alkaline phosphatase activity (Alp) on day 10 (A), RUNX2 protein expression
on day 10 (B), ALP activity on day 7 (C), extracellular matrix mineralization on day 17 (D), gene
expression of the Notch receptors hairy/enhancer of split 1 (Hes1) and hairy-related transcription fac-
tors 1 and 2 (Hey1 and Hey2) on day 10 (E), and HES1 protein expression on day 10 (F), in osteoblasts
cultured on Ti-Control and Ti-Nano with either vehicle or BEXA 0.1 μM. The original diameter of the
Ti discs presented in C and D is 13 mm. The data of gene expression (n = 4), protein expression (n = 3),
ALP activity (n = 5), and extracellular matrix mineralization (n = 5) are presented as the mean ± SD,
and * indicates statistically significant differences (p ≤ 0.05).

244



J. Funct. Biomater. 2023, 14, 79

Figure 7. Effects of the combination of the Hedgehog agonist purmorphamine (PUR) with Notch
antagonist DAPT and Hedgehog antagonist cyclopamine (CLP) with Notch agonist bexarotene
(BEXA) on the gene expression of bone markers in osteoblasts grown on polished Ti (Ti-Control)
and Ti with nanotopography (Ti-Nano). The gene expression of runt-related transcription factor
2 (Runx2), osteopontin (Opn), and alkaline phosphatase activity (Alp) on day 10 in osteoblasts cultured
on Ti-Control and Ti-Nano with either vehicle or the combination of purmorphamine 2 μM with
DAPT 20 μM (PUR+DAPT, (A)) or with either vehicle or the combination of cyclopamine 10 nM with
bexarotene 0.1 μM (CLP+BEXA) (B). The data (n = 4) are presented as the mean ± SD, and * indicates
statistically significant differences (p ≤ 0.05).

4. Discussion

The modulation of the cell signalling involved in osteogenesis impacts the interaction
between osteoblasts and Ti surfaces [40,42,45,53,54]. This study showed that agonists and
antagonists of the Hedgehog and Notch signalling pathways affect osteoblast differentia-
tion. Using either the Hedgehog agonist purmorphamine or the Notch antagonist DAPT
increased while the Hedgehog antagonist cyclopamine or the Notch agonist bexarotene
decreased the osteoblast differentiation of cells cultured on Ti-Control and Ti-Nano. Addi-
tionally, the association between purmorphamine and DAPT seems to have a synergistic
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effect in increasing the osteoblast differentiation of cells grown on both Ti surfaces, espe-
cially on Ti-Nano.

To select the concentration of the Hedgehog and Notch agonists and antagonists, we
tested three doses of each, based on data from the literature, and evaluated three critical
parameters of osteoblast differentiation; Opn gene expression, ALP activity, and extra-
cellular matrix mineralization [18,19,32,34]. As observed in other studies, the Hedgehog
agonist purmorphamine was more efficient in inducing osteoblast differentiation at a
concentration of 2 μM [14,15,55]. The Hedgehog antagonist cyclopamine inhibited the
osteoblast differentiation and because the concentration of 1000 nM seems to induce some
toxicity specifically based on its effect on Opn gene expression and ALP activity, we selected
10 nM as it was more efficient than 100 nM in inhibiting osteoblast differentiation [56–58].
In agreement with previous studies, the Notch antagonist DAPT at the concentration of
20 μM was more osteogenic [33,59,60]. The Notch agonist bexarotene was more efficient
in reducing osteoblast differentiation at the concentration of 0.1 μM, which agrees with
previous studies [61–63].

Hedgehog agonist purmorphamine being used to enhance the osteoblast differenti-
ation of cells grown on Ti has already been investigated [15,64]. Herein, we showed that
the osteogenic effects of purmorphamine were more prominent on Ti-Nano, as evidenced
by an increase in gene expression of Runx2, Opn, and Alp, RUNX2 protein expression, and
ALP activity, which were more evident in the cells grown on Ti-Nano than on Ti-Control.
The Hedgehog antagonist cyclopamine inhibited the osteoblast differentiation in a more
pronounced way in cells grown on Ti-Nano compared with Ti-Control, as shown by the
gene expression of Runx2, Opn, and Alp, and RUNX2 protein expression. This higher
susceptibility to the Hedgehog agonist and antagonist of cells grown on Ti-Nano in os-
teoblast differentiation could be related to the modulation of the Hedgehog signalling
pathway being more intense in cells grown on this surface. Indeed, the gene expression
of the Hedgehog receptors Gli1, Gli2, and Gli3, and the GLI1 protein expression were
more modulated by purmorphamine and cyclopamine except for GLI1 protein expression,
with the expected opposite effects of the agonist and antagonist. Together, these results
suggest that the Hedgehog signalling pathway is more relevant to the osteogenic potential
of the Ti-Nano than of Ti-Control and that this nanotopography can regulate this cellular
mechanism by itself. Despite few information on this subject is available in the literature, it
was demonstrated that Ti with micro-/nanotextured topography, either with or without
TiO2 nanotubes, enhances osteoblast differentiation of MG63 cell lineage by activating
Hedgehog-Gli1 signalling, which is inhibited by cyclopamine [65].

The involvement of the Notch signalling pathway in the osteoblast-Ti interaction is un-
derexplored, despite its well-known participation in osteogenesis [31,66,67]. The Ti surface
hydrophilicity was observed to favour bone formation by acting on several signalling path-
ways involved in proliferation and osteoblast precursor differentiation, including Notch
signalling [68]. Additionally, the inhibition of the Notch signalling enhances the osteoblast
differentiation of mesenchymal stem cells cultured on Ti substrates [69]. In keeping with
this, we demonstrated that the Notch antagonist DAPT enhanced the osteoblast differen-
tiation of cells grown on both Ti-Control and Ti-Nano, with more pronounced effects on
Ti-Nano as noticed by the gene expression of Opn and Alp, RUNX2 protein expression,
and ALP activity. Corroborating these data, the Notch agonist bexarotene inhibited the
osteoblast differentiation more intensely in the cells grown on Ti-Nano than on Ti-Control,
by reducing the same parameters and the extracellular matrix mineralization. As for the
Hedgehog signalling, the higher responsiveness to the Notch antagonist and agonist of cells
grown on Ti-Nano regarding osteoblast differentiation could be attributed to the higher
intensity of the regulation of the Notch signalling in cells grown on this surface, specifically
through the regulation of the Notch receptor Hes1. Indeed, the gene and protein expression
of Hes1 was more modulated by DAPT and Bexarotene in cells grown on Ti-Nano than
on Ti-Control while the gene expression of Hey1 and Hey2 was not affected by surface
topography. Collectively, these data suggest that the Notch signalling pathway is more
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important to the osteogenic potential of the Ti-Nano than Ti-Control and that this nan-
otopography can regulate this signal. Although the participation of the Notch signalling
in the osteoblast differentiation of cells grown on Ti surfaces has already been described,
to the best of our knowledge, this is the first evidence that the distinct effects elicited by
different Ti surface topographies on osteoblast differentiation involve the regulation of this
signalling pathway [68,69].

As our results showed more prominent effects of the modulation of the Hedgehog
and Notch signalling in osteoblasts grown on Ti-Nano, we started an investigation on
the possible synergistic effect of the combination of the modulation of both signalling
pathways. Although the effect of this combination on osteoblast differentiation was not
previously evaluated, the only study presented in the literature is not related to bone tissue
and demonstrated that the concomitant regulation of the Hedgehog and Notch signalling
pathways potentiates the anti-leukemic effects of the Notch modulation alone [70]. Here,
the association of the Hedgehog agonist purmorphamine with the Notch antagonist DAPT
increased the upregulation of the Runx2, Opn, and Alp gene expression compared with
the use of either purmorphamine or DAPT alone in osteoblasts grown on both Ti surfaces
with more intense effects on Ti-Nano compared with Ti-Control. Although combining
the Hedgehog antagonist cyclopamine with the Notch agonist bexarotene downregulated
these gene expressions, the synergistic effect was not as evident as we observed when
purmorphamine and DAPT were combined. Thus, despite further studies are needed to
confirm the synergism, it is possible to suggest that the activation of Hedgehog along with
the inhibition of Notch signalling may favour the osteoblast differentiation of cells grown
on Ti, especially with nanostructured surfaces.

In conclusion, our results indicate that the Hedgehog and Notch signalling pathways
are involved in the responses of osteoblasts to Ti surfaces, with more relevant effects on
osteoblast differentiation of cells grown on the nanostructured surface, which may regulate
these signals by itself. We also demonstrated that the concomitant activation of Hedgehog
and inhibition of Notch might synergistically affect osteoblast differentiation, especially in
cells grown on nanotopography. These cellular mechanisms may explain, at least in part,
the higher osteogenic potential of this nanostructured Ti surface, which opens windows to
develop strategies to drive the process of osseointegration.
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Abstract: Bone fractures and bone defects affect millions of people every year. Metal implants
for bone fracture fixation and autologous bone for defect reconstruction are used extensively in
treatment of these pathologies. Simultaneously, alternative, sustainable, and biocompatible materials
are being researched to improve existing practice. Wood as a biomaterial for bone repair has not been
considered until the last 50 years. Even nowadays there is not much research on solid wood as a
biomaterial in bone implants. A few species of wood have been investigated. Different techniques of
wood preparation have been proposed. Simple pre-treatments such as boiling in water or preheating
of ash, birch and juniper woods have been used initially. Later researchers have tried using carbonized
wood and wood derived cellulose scaffold. Manufacturing implants from carbonized wood and
cellulose requires more extensive wood processing—heat above 800 ◦C and chemicals to extract
cellulose. Carbonized wood and cellulose scaffolds can be combined with other materials, such as
silicon carbide, hydroxyapatite, and bioactive glass to improve biocompatibility and mechanical
durability. Throughout the publications wood implants have provided good biocompatibility and
osteoconductivity thanks to wood’s porous structure.

Keywords: wood implants; bone repair; biocomposites; osteosynthesis

1. Introduction

Bone fractures first drew prehistoric humans’ attention up to 46 thousand years ago
during the Early Upper Paleolithic age, the period from which the first healed bone frac-
tures were found by archeologists [1]. After thousands of years of using traction and
immobilization as the only treatment for bone fractures, the first true external fixation
was applied only 120 years ago. That was developed by a Belgian surgeon Albin Lam-
botte. Lambotte who also introduced the term “osteosynthesis”—fixation of bone by using
mechanical devices [2]. At the beginning of the 20th century, with the development of
antiseptics, anesthesiology, and bone imaging possibilities, the modern principles of the
internal fixation of fractures were developed. The first material for osteosynthesis implants
was nickel-coated steel, developed in the 19th century [3,4]. Other metals such as silver [5],
aluminium, and brass [6] have been used to produce different bone implants. Nevertheless,
these materials were found not to be fully suitable due to inadequate mechanical properties
and corrosion. The first successful material was stainless steel, later joined by titanium
and cobalt-chromium alloys [7]. Although the problem with obvious and quick corrosion
was resolved, there are still a few debatable issues. First, the density of a metal alloys is
up to three times higher than cancellous bone [8,9]. Thus, aseptic loosening of the metallic
implants is considered a possible complication within 15 years after surgery [10]. Second,
bio-corrosion of stainless steel [11] and titanium [12] alloys is being investigated as well.
Demand for non-metallic implant materials is growing, not only because of bone damage
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over time due to the loosening and biocorrosion of implant material, but also because of the
increased use of modern medical diagnostic systems, e.g., nuclear magnetic resonance [13].
Metal implants cause significant artifacts in computer tomography and magnetic resonance
images. The lower image quality of artifacts cause blurring. In the last decades, numerous
studies have been published about reducing the effects of artifacts. However, the issue is
still present in everyday clinical practice [14,15].

Aside from bone fractures, bone defects are a common issue in orthopaedic and re-
constructive surgery. Bone defects can be caused by severe injuries, congenital anomalies,
and tissue resection due to oncological masses. Although bone has great capabilities for
rejuvenation, the healing of large defects is challenging. Treatment with bone xenografts
(grafts from animals) from dogs and goats for cranioplasty was first described more than
500 years ago by Ottoman empire surgeon Ibrahim Bin Abdullah [16]. Nowadays, bone
defect reconstruction still relies mostly on autologous (from the patient), allogeneic (from
another human donor), and xenogeneic (animal-derived) bone grafts. For very extensive de-
fects, vascularized bone flaps are harvested from the patient. Harvesting bone tissues from
the patient adds additional surgical sites, with possible complications. Using allogeneic
and xenogeneic grafts posts immunological challenges, as well as logistical and ethical
issues [17]. In attempts to improve bone defect reconstruction, different biomaterials have
been widely investigated—calcium phosphates [18,19], bioactive glass [20], collagen [21],
silk fibroin [22], etc.—for potential use in clinical practise [23].

Great interest has been observed among industry, researchers, and society towards
new materials produced from natural sources, due to several reasons, e.g., topicality of
environmental protection issues, new regulations, unsustainability of fossil fuels and their
reserve, increasing plastic pollution, and global concepts of circular bio-economy [24].
Reducing emissions in the next decade is crucial for Europe, which intends to become
the world’s first climate-neutral continent by 2050 by making the European Green Deal
a reality [25]. Concerns about environmental issues have encouraged research on bioma-
terials, including bone implants [26]. Over the last few years, comparative studies have
been carried out on the ecological footprints of raw materials for bone implants [26,27],
as well as studies on the use of natural or bio-based polymers in bone tissues [27–29], the
synthesis of hydroxyapatite from sustainable natural raw materials [30,31], and the use
of new technologies such as 3D printing as a solution for a sustainable and circular econ-
omy [32]. Materials obtained directly from nature are being studied as well, e.g., corals [27].
However, the materials developed thus far do not provide sufficient mechanical strength
for osteosynthesis implants compared with metal implants. These issues promote further
investigations for alternative implants’ material.

2. Similarities between Wood and Bone

Humanity has known about wood as a biomaterial since the Stone Age, with wood
has played a major role in humanity’s greatest achievements—from discovering fire to
creating transport. Wood is an anisotropic natural material usually obtained from the trunk
of a tree. It can be defined as a heterogeneous composite that consists mainly of natural
polymers such as cellulose (40–50%), hemicelluloses (15–25%), and lignin (15–30%) [33,34].
Tree cross-sections can be distinguished into three components—the bark, cambium, and
wood parts—xylem. The bark consists of a cork layer on the outside and a phloem layer on
the inside. The cambium, located between the bark and the xylem, consists of living cells
that form the new xylem and phloem layers. Xylem has two wood parts—sapwood and
heartwood. The sapwood consists of dead cells and a small number of living parenchymal
cells. It acts as food storage, as a water and nutrients transporter, and as mechanical support
for the tree. The heartwood consists entirely of dead cells and provides only a support
function for the tree [35].

Similar to wood, bone is also an anisotropic heterogeneous composite material, as it
consists of about 60% inorganic material (calcium and phosphate in a form of natural or
calcium-deficient hydroxyapatite), 30% organic material (collagen) and 10% water [36–38].
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Similar to wood, which fulfills the function of support in a tree, the main function of bone
is to support the static and movement functions of the body. Bone also acts as storage for
minerals such as calcium and phosphate, as well as in the maintenance of homeostasis [39].
Three parts of bone can be observed in the cross-section—cortical bone, also called dense or
compact bone, trabecular bone, also called spongy or cancellous bone, and bone marrow
cavity. Bone tissue contains three main cell types: osteoblasts, osteoclasts, and osteocytes.
Osteoblasts are responsible for bone formation, while osteoclasts are cells that resorb bone.
Bone homeostasis is maintained by the connection between bone formation and bone
resorption (bone turnover). Osteocytes are cells that are found in fully formed bone and
make up most of the bone [40]. Similarities between wood and bone have been observed
and were described as early as the invention of the microscopic magnification itself. The
pioneer of microscopy, Antonie van Leeuwenhoek, described the analogy between the
osteoid bone structure and the fibre structure of wood [41]. Since then, several authors
have continued researching similarities between wood and bone, revealing the hierarchical
macroscopic and microscopic structures of both, as well as functional similarities such
as biomechanical characteristics, remodeling, and liquid transportation abilities [42–46].
Figure 1 shows the structural similarity between cortical bone and wood at the micro and
nano level.

Figure 1. Schematical structure of bone and wood in macro, micro and nano scale.

The strength of both cortical bone and wood is ensured by its structural construction.
The cortical bone base is formed by osteons, while wood consists of wood cells. Both
the osteon and the tree cell are oriented in the direction of the long axis of the bone and
wood, respectively, and are composed of several concentric layers of parallel fibers or fibrils.
Each layer is oriented in different directions, thus providing mechanical strength. In bone,
the layers are formed of collagen fibers, while wood cells are composed of bundles of
cellulose micro fibrils. Collagen fiber consists of collagen fibrils constructed from triple
helix collagen molecules and mineral nanocrystals, while cellulose microfibril is constructed
from amorphous and crystalline parts of parallel cellulose molecules [36,47,48]. Based on
similarities between wood and bone, wood has been used as a testing model for orthopedic
implants [49]. Despite the structural similarity between wood and bone, solid wood has
not been amply considered as a possible biomaterial for bone implants. Only in recent
decades has wood been studied by a few authors as a possible implant material.
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Considering the mentioned topical problems, this review presents a brief overview of
the use of wood as a biomaterial for bone implants, emphasizing the wood processing and
current research methodologies.

3. Wood Species for Bone Implants

Individual species of trees have been studied as a source of biomaterial. Most of the
published studies have main purpose of creating biomaterials for bone defect substitution
and rarely for creating wood-based orthopedic implants.

3.1. Birch

One of the first studies regarding wood as a possible implant material was performed
by Kristen, Bösch et al. using birch wood [50]. Birch is one of the most widespread and
economically important species of deciduous trees in Europe and Scandinavia. Silver
birch (Betula pendula) and European white birch (Betula pubescens) are among the most
common birch species found in most of Europe, up to Central Siberia. Betula pubescens,
which is the northernmost tree species, is more common in the Northern and Eastern parts
of Europe. Betula pendula is more common in the southern regions of Europe, such as the
Iberian Peninsula, southern Italy, and Greece [51]. Birch wood has an average density of
600–650 kg/m3 and a high Jank hardness of 4000–5000 N, and contains little extractive
material, which makes this wood well suited for bone implants [52,53]. The early studies
were conducted in vivo using rabbits. Birch implants were pre-treated with ethanol and
placed transcortically into rabbit tibias. Evaluation was done after 3, 5, 14, and 32 weeks.
Although the tissues produced a foreign body reaction, a new bone formed around the
wood implants. Additionally, bone ingrowth into the implant’s pores was recorded [54].
Similar ethanol pre-treated birch implants were implanted into a rabbit’s soft tissues. After
controls within 2, 6, 12, and 30 weeks, it was concluded that ethanol pre-treatment was not
sufficient to prevent a foreign body reaction [50]. Years later, Rekola, Aho et al. published a
novel wood pre-treatment method—preheating of birch implants at different temperatures—
140 ◦C, 200 ◦C, and 220 ◦C for 2 h. The implants were placed into the drilled cavities of
rabbit femurs and observed after 4, 8 and 20 weeks detecting the bone ingrowth. Preheated
birch implants showed better osteoconductivity compared to untreated implants. However,
when applying the highest temperature of 220 ◦C, the biomechanical characteristics of the
implants were decreased [55]. In vitro studies were performed by immersing the birch
implants into simulated body fluid (SBF) for 63 days at 37 ◦C. It was documented that
immersion in the SBF significantly decreases the biomechanical properties of the untreated
implants, while heat pre-treated implants preserve these properties [56,57].

3.2. Ash

Ash is a tree of the olive family that is widespread in Europe, Asia, Canada, and North
America. As a hardwood with a low content of extractive substances, a high density of
600–680 kg/m3, strength, and flexibility, it is suitable for bone implant materials [58]. The
in vivo study with ash implants was conducted simultaneously with early birch studies.
Ash specimens were ethanol-pretreated and fixed in rabbit calcaneus bones with Achilles
tendons reattached and analyzed after 5 and 14 weeks. The ethanol pre-treatment of ash
resulted not only in bone ingrowth, but the tendons’ tissues grew into the wood pores as
well, along with moderate foreign body reaction [59].

3.3. Lime, Willow, and Fir

Spruce wood is widespread in Scandinavia, Northern Eastern Europe, North America,
Canada, and Japan, and is one of the most economically important coniferous wood
species [60]. The white willow (Salix alba) is the most well-known of the willows, widely
distributed throughout Europe except for the most northern regions. The northern part of
Europe, where willow is common, includes the British Isles, the Netherlands, and the Baltic
coast (Latvia and Lithuania). Willow is also found in Mediterranean regions, as well as in
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North Africa (Morocco and Algeria) [61]. Lime trees are common in Eastern North America
(Tilia americana) and Europe (Tilia Europen; hybrid wood). All named wood species have
a low density—400–450 kg/m3 for fir and willow, 450–550 kg/m3 for lime wood. These
wood species, together with birch and ash, were used to fix fractures in rabbit femurs by
Horsky, Huraj, Paukovic. Implants were untreated before implanting in vivo. Birch, ash,
and fir were well tolerated, while lime and willow caused acute inflammatory reaction,
indicating that differences in wood species meant that not all species would be suitable for
bone implants [62]. Although all the mentioned wood species contain a high extractive
content, they differ in their composition. Fir extract contains the most lignans [63], while
willow extracts contain a large amount of salicylic compounds, flavonoids, and tannins.
These substances are bioactive compounds characterized by antipyretic, analgesic, anti-
inflammatory, antirheumatic, and anticoagulant properties. As with all bioactive substances,
they can be toxic at certain levels [64,65].

3.4. Juniper

Juniper is the world’s most widespread and northernmost coniferous tree. It is com-
mon both in Europe and Asia, as well as in North America and Japan. Juniper can be found
both in the farthest North areas of Scandinavia and in the mountain areas of the warmer
regions of Southern Europe. The density of juniper is 450–600 kg/m3 [66]. Juniper has
long been studied for its antibacterial properties, but not for use in bone implants. The
essential oils in juniper wood can also be toxic at high dosages; therefore, pre-treatment is
required [67]. A unique in vivo study considered juniper wood for potential orthopedic
hardware. Hip prostheses were crafted and pre-treated in boiling water for 10 min. The
proximal part of rabbit femurs were resected and hemiarthroplasty with the juniper prosthe-
ses was performed. Rabbits were allowed to bear weight with no restrictions. Histological
analysis was done after 3, 6, 18, and 36 months. No foreign body reaction was documented
in any specimens. Initial bone ingrowth was detected after 6 months. After 3 years, wood
implants were fully integrated with bone tissues (Figure 2). Essential oils from juniper
were tested for their capacity to induce a toxic response in rats and was demonstrated
to be well tolerated, especially when released slowly [68]. Almost 20 years later, prelimi-
nary studies have been carried out for the possible development of bone implants from
partially delignified and compressed solid juniper wood, thus improving the mechanical
properties of the implant. A compressed wood density of 1170 kg/m3 was achieved (100%
increase compared to natural juniper wood). The modulus of rupture was increased by
85%, reaching 174 MPa, and the modulus of elasticity by 620%, reaching 12,500 MPa [69].

3.5. Carbonized Wood

Another trial for the development of bone implants has been proposed by pre-treating
wood at high temperatures to create a charcoal-type material. In one of the earliest studies,
wood from clematis was carbonized at 850 ◦C for 5 h. Samples were implanted in vivo into
rabbit bone, whose tissue was able to grow into the carbonized wood [70]. A similar in vivo
study was performed with bamboo charcoal. The results showed that charcoal bamboo as
a bone substitute has good biocompatibility and osteoconductivity [71]. Although pure
carbonized wood had good biocompatibility and osteoconductivity, the complete loss of its
mechanical properties made it an impractical material. Years later, the mechanical prop-
erties of pure carbonized wood were improved by an impregnation with silicon carbide
(SiC) to produce a biomaterial called ecoceramics. In the preparation process, natural wood
was pyrolyzed at 1000 ◦C using argon gas; the natural wood lost around 75% of its weight
and 60% of its volume as a result of the treatment. The remaining scaffold was infiltrated
with melted Si at 1550 ◦C. Si reacts with carbon in pyrolyzed wood to form SiC. Different
wood species have been used to produce wood-based ecoceramics, for example, maple [72],
eucalyptus [73], mango [74], oak [75], beech [76], pine [77], and others [78]. The technique
preserved the porous structure of the wood while adding the rigidity of SiC. It is also a
light-weight material, with density around 1100–2300 kg/cm3, depending on the selected
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wood [74–76]. In addition, ecoceramics have great heat and electric resistance [79,80]. Due
to various properties, ecoceramics have attracted more interest of researchers in civil [81],
aeronautical [82] and electronic [83] engineering, and only a small number of studies con-
sider ecoceramics as a material for medical applications. One in vivo study has been done
with SiC scaffolds that were implanted in sheep metatarsal bones. Histological analysis
was performed after 4, 8, 12, and 48 weeks. Analysis revealed good scaffold-to-bone ad-
hesion, and new bone ingrowth inside the scaffolds was documented as well [84]. Since
then, few authors have proposed combining wooden scaffolds with other biomaterials.
In one study, SiC scaffolds derived from beech, eucalyptus, and sapele were combined
with bioactive glass. An in vitro study with MG-63 osteoblasts showed good cellular
attachment to both coated and uncoated SiC scaffolds. Additionally, the osteoblasts prolif-
erated equally in standardized environments and on the surface of bioactive-glass-coated
SiC scaffolds [85]. In another study, carbonized wood scaffolds derived from cane and
pine [86,87] or rattan [88] were combined with hydroxyapatite (HA). The obtained sam-
ples showed the preserved porous structure and improved mechanical properties; the
compressive strength reached 0.4 MPa and the tensile modulus increased 2–3 times [86–88].

Figure 2. Juniper implant in the in vivo model. 1—juniper implant; 2—bone tissue ingrowth.
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3.6. Cellulose-Based Scaffold

Few authors have considered wood as a base for cellulose-based scaffolds. To create
such scaffolds, more extensive wood processing is required. Firstly, wood is processed into
cellulose. Cellulose is a natural linear cell polysaccharide consisting of glucose (C6H10O5)n.
(Figure 3). It is the main component of cell wall in green plants and algae, and bacteria
produce cellulose to form a biofilm as well. While the purest natural form of cellulose is
cotton, where cellulose comprises about 90% of cotton’s mass, wood is made of around
57% cellulose and remains the main source for producing cellulose [89]. As a natural raw
material, cellulose has been used for fabrics and papers for hundreds of years, but only
185 years ago, in 1838, the chemical structure of cellulose was discovered and described by
French chemist Anselme Payen [90]. Since then, production of cellulose from wood stock is
performed by chemically dissolving unwanted components such as lignin, short-chained
polymers, etc. Cellulose is widely used for its porous structure and insolubility in water
and organic substances in medical filters [91], pharmacy [92], and wound dressings [93].
In the last few decades, cellulose has also attracted researchers’ attention as a potential
biomaterial for medical applications, similar to using wood as an implant material. In
the 1960s, implantation of cellulose sponges was used to study tissue inflammation and
granulation formation shortly after implantation [94]. Years later, in the 1990s, researchers
began to investigate the long-term effects of cellulose implantation. Märtson, Viljanto et al.
used industrial soft cellulose sponges derived from eucalyptus, birch, or oak. Cellulose
sponges were tested in vivo in rat soft tissue, and histological examinations were performed
consecutively after 1–60 weeks. Histological evaluation revealed that the inflammatory
response of the surrounding tissues subsided after 4–6 weeks and revealed good connective
tissue ingrowth into the cellulose sponges. The researchers also detected a slow resorption
and degradation of the pure cellulose sponges [95,96]. In addition, the biocompatibility of
cellulose sponges with bone tissue was investigated in vivo; cellulose sponges were tested
into the femoral bone cavity of rats. Bone ingrowth into cellulose sponges was recorded
after 4–6 weeks [97]. Later researchers started combining cellulose fibers with other bio-
materials. An in vitro study was performed with chondrocytes from the bovine knee joint.
Cellulose scaffolds were exposed to saturated calcium hydroxide (Ca(OH)2) solution, then
immersed in supersaturated simulated body fluid (SBF). Thus, a calcium phosphate coating
was created. Although the cellulose and calcium phosphate scaffolds caused an acidic
reaction in solution and the pH had to be adjusted with calcium hydroxide [98], better
cellular adhesion was detected compared to untreated cellulose scaffolds. In another study,
cellulose fibers were impregnated with hydroxyapatite particles. Tomilla, Ekholm et al.
published two studies on cellulose coating with hydroxyapatite derived from bioactive
glass. Bioactive glass S53P4 (Abmin Technologies Ltd., Turku, Finland) was dissolved in
SBF, and cellulose sponges were immersed in the SBF solution at 37 ◦C for 24 h. After 24 h
of immersion in SBF, calcium hydroxyapatite was formed on the surface of the scaffold. In
an in vivo study with scaffolds implanted in rat soft tissue, an acute inflammatory response
was reported on the first day after implantation. More extensive connective tissue formation
was observed in the hydroxyapatite layer, while the inflammatory response disappeared
within 14 days [99]. In another in vivo study, biomimetically coated cellulose sponges
with silica-rich apatite were implanted into femoral bone defects in rats. After 12 weeks
post-implantation, apatite-coated cellulose sponges did not significantly improve bone
ingrowth compared to uncoated cellulose sponges. [100]. Later, Daugela, Pranskunas et al.
investigated cellulose-based scaffolds substituted with micro- and nano-hydroxyapatite
particles. An in vitro study was performed on human-like osteoblastic cells (Mg-63) to
determine cytotoxicity and cell adhesion. According to the results, cell adhesion was im-
proved by hydroxyapatite nanoparticles compared to cellulose-based scaffolds substituted
with hydroxyapatite microparticles, and no cytotoxic response was detected. Similar to
the in vitro results, scaffolds with hydroxyapatite nanoparticles significantly improved
bone tissue ingrowth in rabbit calvaria bones [101]. Further studies also involved cellu-
lose derivatives; carboxymethyl cellulose scaffolds were prepared using a freeze-drying
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process. An in vitro study showed that prepared scaffolds supported the proliferation
and differentiation of Saos-2 cells, and extensive tissue proliferation was detected in rat
subcutaneous tissues in vivo [102]. Cellulose scaffolds have also attracted interested as a
localized drug-delivery system in damaged bone. Different studies have been published
on the delivery of growth factors, bioactive proteins, antibiotics, and anti-inflammatory
drugs [103].

Figure 3. Cellulose molecule.

Table 1 summarizes brief facts about the wood species studied in the literature.

Table 1. Summary of potential wood species for bone implants.

References Wood Species Study Design Results

Kristen, Bosch et al., 1977 [54]

Birch

In vivo Foreign body reaction after
ethanol pre-treatment

Aho, Rekola et al., 2007 [55] In vivo
After heat pre-treatment good
biocompatibility and
osteoconductivity

Bosch, Kristen et al., 1979 [59] Ash In vivo
After ethanol pre-treatment
good biocompatibility and
osteoconductivity

Horsky, Huraj et al., 1987 [62]

Fir In vivo With no pre-treatment good
biocompatibility

Lime In vivo With no pre-treatment acute
foreign body reaction

Willow In vivo With no pre-treatment acute
foreign body reaction

Gross and Ezerietis, 2003 [68]

Juniper

In vivo
After heat pre-treatment good
biocompatibility and
osteoconductivity

Andze, Andzs et al., 2022 [69] Mechanical studies

Partial delignification of wood
and subsequent densification
showed improved mechanical
properties comparable to bone

Kosuwon, Laupattarakasem et al.,
1994 [71] Bamboo In vivo

Carbonized charcoal showed
good biocompatibility and
osteoconductivity
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Table 1. Cont.

References Wood Species Study Design Results

de Carlos, Borrajo et al., 2006 [85] Beech
In vitro

SiC scaffolds allowed good
cell proliferationSapele

Qian, Kang et al., 2008 [86]
Tampieri, Sprio et al., 2009 [87]

Cane

Mechanical studies

SiC scaffolds combined with
other biomaterials provided
significantly improved
mechanical resistance

Pine

Finardi and Sprio, 2012 [88] Rattan

4. Discussion

4.1. Advantages and Disadvantages of Wood as Bone Implants

The most important advantage of wood as a bone implant is the structural similarities
between bone and wood, described by the pioneer of microscopy, Anton van Leeuwenhoek,
back in 1693. Since then, the structural and functional similarities have been described by
many other authors [41–44,104]. This was discussed in the previous sections.

Wood is a natural composite material consisting of three main components—cellulose,
hemicelluloses and lignin [105]. Simply, each of the components gives the wood specific
mechanical properties—strength, flexibility, and stiffness, respectively. The chemical com-
position of wood is variable and depends on the wood species, age, genetic factors, and
growing conditions. [106–108] In principle, this could be considered a disadvantage, but
this property of wood as a biomaterial is also an advantage. Knowledge of these effects
on wood properties can help in finding suitable wood materials for a specific application.
Furthermore, chemical [109,110], thermal [111,112], or enzymatic [113,114] treatment can
change the chemical composition of wood, thus affecting its mechanical properties.

Porosity is another advantage of wood as a biomaterial. Pore size distribution in the
wood varies from 1 nm to 100 μm and can be classified into macro-, meso- and micropores.
Porosity is inversely proportional to wood density [110,115]. Osteoblasts are approximately
10–50 μm in size and require 100–200 nm pores for ingrowth and bone regeneration. In the
pores with a smaller size, the formation of osteoid and fibrous tissue occurs [116]. It can be
concluded that the ingrowth of bone cells will occur more easily in less dense wood. At the
same time, wood density directly affects the mechanical properties of wood. The porous
structure of wood easily lends to impregnation and can be used to introduce bioactive
substances or drugs for bone regeneration.

The biodegradation of wood is one of the possible reasons why wood as an implant
material causes skeptical reaction. To justify this property of wood, it is important to
consider that wood decay occurs at a certain humidity and in the presence of oxygen. In a
highly wet and oxygen-free environment, wood biodegradation occurs very slowly and
wood can be preserved for hundreds of years [117,118]. Water content in human body
lean mass (or fat-free mass) is around 70–75%; thus, it is considered a non-oxygen wet
environment when inserting a wood implant [119].

Shrinking and swelling in water is a typical characteristic of wood. The amount of
water in the wood is significantly affected by the humidity and temperature of the envi-
ronment. Accordingly, in a dry environment, the wood dries quickly and cracks form;
conversely, in a water environment, the wood absorbs moisture and swells. This characteris-
tic complicates the use of wood materials and requires evaluation of the preparation process
of wood samples. The water content of natural green wood is approximately 60–70%. The
moisture content of dry wood is approximately 7%. Considering that the water content in
human muscle mass is 70–75%, it is recommended to keep the moisture content in wood
above 50% when developing a wood implant, thus preventing possible problems that may
arise due to shrinking and swelling. It should be noted that the water content in solid wood
affects its mechanical properties. The elasticity of wood is directly proportional, while the
strength is inversely proportional to the water content of the wood [120,121].
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Other disadvantages of wood as a biomaterial for bone substitution are its uneven and
different properties, variable density and chemical composition depending on the wood
species, growing conditions, genetic aspects, and age [105,107,108]. These makes it difficult
to obtain materials with the same properties. One of the solutions is to use wood from
plantations or to obtain pre-treated wood.

Apart from the basic components of wood—cellulose, hemicellulose, and lignin—it
also contains a small number of inorganic compounds (up to 1%) and soluble organic
compounds called extractives. The presence of extractives in wood samples can be critical
for their use in bone implants. The extractives consist of mixtures of various components,
from relatively low-molar-mass molecules to the higher molar-mass substances [122] such
as fats, fatty acids, waxes, sterols, terpenic compounds, phenolic compounds, pectins,
flavonoids, stilbenes, tannins, etc. [120] Some of the compounds are bioactive substances
and, depending on the concentration, can be either therapeutic or toxic to the human
body. Extractives can be divided into groups based on their chemical type—lipophilic
or non-polar and hydrophilic or polar compounds. Each of the mentioned groups can
be dissolved in different solvents—organic solvents or water. To eliminate all extractives,
consecutive extraction is performed using different solvents of increasing polarity, e.g.,
dichloromethane, acetone, ethanol, and water [123]. Since the human body comprises
70–75% water, separation of the water-soluble extractives from the wood before implanta-
tion is critical. Pre-treatment of wood with both ethanol and water is necessary so that the
extractives do not cause toxic reactions.

As a biological material, wood also provides a habitat for various microorganisms,
such as fungi and bacteria, that are not desirable in bone implant material. Considering the
above, special attention should be paid to the chosen sterilization methods. Not all popular
bone implant sterilization methods are applicable to wood samples. Such classical methods
as UV, ethanol, or ethylene oxide treatment [124], autoclaving, or steam treatment [125]
cannot be used for wood materials. Wood is destroyed under the influence of UV [126],
swelling occurs during water vapor treatment, and wood hydrolysis begins at elevated
temperatures above 140 degrees [111]; but in the case of ethanol or ethylene oxide (toxic)
treatment [124], it could be problematic to ensure the removal of all substances from the
sample due to its porous structure. It is possible to use gamma irradiation or microwave
treatment [127], but in this case, a suitable processing time should be chosen, as the wood
may be destroyed due to heating (more than 140 degree) [128,129]. Sterilization with
gaseous phase compounds such as supercritical CO2, hydroxyl peroxide, or peracetic acid
is applicable to porous fibrous materials, including wood [124,130,131].

Additionally, greater mechanical properties and density are needed to use wood in
osteosynthesis implants. Densification of wood increases the mechanical properties and
density of wood. Chemical pretreatment makes it possible to reduce the variability of the
chemical composition. Chemical pretreatment of wood and subsequent densification is a
promising method for wood processing to obtain implants with density and mechanical
strength suitable for osteosynthesis biomaterials [69].

4.2. Mechanical Properties of Wood as Bone Implant Compared with Other Implant Materials

Natural wood has a density from 450 up to 700 kg/m3, depending on species. The
higher density is observed in hardwood species, whereas softwoods have lower densities.
The modulus of elasticity (MOE) reaches 1550–13,500 MPa and the modulus of rupture
(MOR) reaches 60–100 MPa [132,133]. Mechanical properties can be altered by various
methods such as applying heat and chemical treatment. Applying lower heat, up to 200 ◦C,
can increase the MOE, and rupture can be increased by up to 50% [134]. If wood is heated
over 800 ◦C, it loses up to 80% of its mass and 60% of its volume. The obtained carbonized
wood has poor mechanical properties, with a density around 200–400 kg/m3, although
biocompatibility and osteoconductivity is preserved [71,135,136]. Another technique for
wood processing is densification, which involves partial delignification and compression.
Authors Andze L. et al., in a mechanical study, increased juniper’s density by 100%, reaching
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almost 1200 kg/m3. The MOR and MOE were increased by 85% and 620%, accordingly [69].
Studies of wood’s mechanical properties show that natural wood is not strong enough
to produce durable orthopedic implants for bone fracture fixation. Nevertheless, with
certain processing mechanical properties of wood can be improved to fit requirements for
orthopedic implants. The most common material for orthopedic implants is still titanium
and its alloys. Titanium has a density of 4500 kg/m3, MOR of 45,000 MPa and MOE of
120,000 MPa [137]. Obviously, titanium’s mechanical strength is multiple times higher
than any biological material, including bone—its density is up to 1200 kg/m3 [138–140],
its MOE varies from 10–3000 MPa, and its MOR is 150–180 MPa. [141,142] This significant
disparity in mechanical properties allows stable fixation for fractures, but can also cause
complications such as aseptic loosening [143–148].

Since other materials used in bone repair are dedicated to bone defect substitution,
their mechanical properties are unessential, as they are not supposed to provide mechanical
support to the bone [149]. Among the investigated biomaterials are tricalcium phosphate
bioceramics (density 3070 kg/m3, MOR 1.3 MPa, MOE 49 MPa [150]), hydroxyapatite
bioceramics (density 3050 kg/m3, MOR 18 MPa, MOE 174 MPa [151]) bioactive glass 45S5
(density 2850 kg/m3, MOR 45 MPa, MOE 60 MPa [152]), collagen (density 2700 kg/m3,
MOR 2 MPa, MOE 46 MPa [153]), and silk fibrion (density 1400 kg/m3, MOR 5 MPa, MOE
100 MPa [154]). Mechanical properties of different materials are summarized in Table 2.

Table 2. Summary of mechanical properties for different materials.

Material Density, kg/m3 MOE, MPa MOR, MPa

Human bone [140,141] up to 1200 10–3000 150–180

Natural wood [132] 450–700 1550–13,500 60–100

Carbonized wood [135] 200–400 15–140 11–53

Densified wood [69] 1170 12,500 174

Titanium [137] 4500 120,000 45,000

Calcium phosphate bioceramics [150] 3070 49 1.3

Hydroxyapatite bioceramics [151] 3050 174 18

Bioactive glass 45S5 [152] 2850 60 45

Collagen [153] 2700 46 2

Silk fibrion [154] 1400 100 5

4.3. Summary for Further Investigation

The interest in biomaterials has been constantly growing in the past decades. As envi-
ronmental issues are a growing concern, an alternative to unsustainable and non-renewable
materials is being developed [24]. This direction of development also includes medical
implants. Although metallic implants have been greatly improved in terms of biocompat-
ibility and corrosion resistance, their environmental impact is impossible to avoid [155].
Multiple studies have proven that sustainable biomaterials are not only suitable for the
production of different implants, but their production process also has a significantly lower
ecological footprint compared to any non-sustainable resources [27,29,156]. In the search
for suitable biomaterials to be used in bone repair, wood has been one of the potential
options studied. The earliest studies published in the last century were conducted us-
ing in vivo models. These studies proved the osteoconductive abilities of natural wood
implants. Osteoconductivity is a passive attribute of implants, where they allow bone
tissue ingrowth on the surface or inside pores of an implant [157–159]. This feature of
wood implants has been proven in a few studies by obtaining microscopic pictures of
new bone trabeculas inside wood pores [54,55,68]. Another important feature of bone
implants is osseointegration—direct contact and anchorage between bone and implant,
which is maintained over the long-term [160,161]. This feature was demonstrated with
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juniper prosthesis in rabbits. Animals were able to bear weight with no restrictions up to
3 years, without any implant failures [68]. Studies done in the 21st century are executed
in vitro. Throughout the studies, not every species of wood had proved to be equally suit-
able for bone implants; e.g., lime and willow showed an acute inflammatory reaction [62].
It was concluded that the inflammatory reaction depends on the soluble substances of
wood (extractives). Additionally, bamboo before treatment produced cytotoxicity in an
in vitro study [162]. Other species such as birch, ash, and juniper have presented excellent
biocompatibility [54,55,59,68]. To reduce a possible inflammatory reaction, pre-treatment
of the wood is a crucial step. Not only for the sake of asepsis; additional components in
untreated wood, e.g., fungi, have been found [163]. They alone can produce an inflamma-
tory reaction [164]. Techniques for pre-treatment differ in various articles. Juniper for an
in vivo study has been pre-treated only in boiling water for 10 min [68]. Other authors
have tried ethanol pre-treatment that was not sufficient to avoid an acute inflammatory
reaction [59]. In the following studies, pre-treatment with higher temperatures became
more popular. Aho, Rekola et al. used heat as high as 220 ◦C for birch and ash implants [55].
This range of temperature neutralizes bacteria, fungi, and all organic extracts, such as
essential oils. Thus, pre-treatment at high temperatures reduces the risk of toxic reaction
to the minimum. Other authors considered wood as a scaffold for creating new biomate-
rials. In the oldest studies, charcoal was researched as a possible biomaterial. Although
osteoconductive properties were preserved, poor mechanical properties limited further
applications. Since the first articles on wood-derived ecoceramics were published, this
biomaterial has gained considerable research interest, as ecoceramics combine wood’s
favorable properties such as porosity, mechanical and heat resistance. Aside from bone
implant development, these characteristics raise interest in a wide range of industrial uses,
i.e., filters, catalysts, electric sensors, etc. [165]. Despite the fact that only afew studies were
published on biocompatibility of ecoceramics [166,167], the concept was advanced by com-
bining ecoceramics with other biomaterials, such as HA and bioactive glass. Both concepts
of wood as biomaterial—hybrid biocomposites and pure wood—have been highlighted in
research as a potential biomaterial for repairing damaged bone [18–22,25–33]. It should be
noted that other biomaterials are also available for this purpose, such as calcium phosphate
bioceramics, bioactive glasses [168], and different composite materials combining bioactive
inorganic materials with biodegradable polymers [169,170]. Wood is also a main source
for cellulose, which has a wide application for medical devices and wound dressings as
well. Although only a small number of studies involving cellulose scaffolds have been
devoted to bone surgery, some promising results have been reported for bone tissue prolif-
eration and local drug delivery to improve bone healing [171,172]. Orthopedic implants
have demanding mechanical requirements to sustain long periods of mechanical loading.
For this reason, thus far, metal implants are dominant, and only two groups of authors
have processed wood with a goal of orthopedic implants for fracture fixation and joint
arthroplasty [62,68,173].

5. Conclusions

Wood is a sustainable and renewable source suitable for the production of biomaterials.
The processing of wood is more environmentally friendly, especially compared to titanium
production, which emits carbon monoxide and other toxic by-products. Nowadays, there
is still limited research on the use of wood in bone implants, despite the fact that its
great potential has been demonstrated by available studies. The in vivo studies done
in the 20th century’s last decades show great insight into some species of wood’s great
biocompatibility and osteoconductivity. Based on the provided review, the continued
development of wood implants for further incorporation in surgical practice is suggested.
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Activity of Essential Oils of Four Juniper Species and Their Potential as Biopesticides. Molecules 2021, 26, 6358. [CrossRef]

68. Gross, K.A.; Ezerietis, E. Juniper wood as a possible implant material. J. Biomed. Mater. Res. A 2003, 64, 672–683. [CrossRef]
[PubMed]

69. Andze, L.; Andzs, M.; Skute, M.; Nefjodov, V.; Kapickis, M.; Tupciauskas, R. Preliminary Study of Chemically Pretreated
Densification of Juniper Wood for Use in Bone Implants. Mater. Sci. Forum 2022, 1071, 101–108. [CrossRef]

70. Colville, J.B.P.; Hoikka, V.; Vainio, K. Wood anatomy and the use of carbonised wood as a matrix for bone regeneration in animals.
Int. Assoc. Wood Anat. 1979, 12, 3–6.

71. Kosuwon, W.; Laupattarakasem, W.; Saengnipanthkul, S.; Mahaisavariya, B.; Therapongpakdee, S. Charcoal bamboo as a bone
substitute: An animal study. J. Med. Assoc. Thai. 1994, 77, 496–500.
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Error in Figure

In the original publication [1], there was a mistake in Figure 1 with regards to what
was published. Figure 1a is wrong, as it is just a repetition of Figure 2a. The correct version
of Figure 1a appears below.

 

Figure Legend

In the original publication [1], there was a mistake in the legend for Figure 1. The
legend of Figure 1a was wrong because it did not describe the correct figure that should
have been used. The correct legend appears below.

Figure 1. (a) Synthetic site: Stevenel’s blue and alizarin red stain. (b) Xenogeneic site:
toluidine blue stain. Note the progressive decrease in width of both sinus mucosae and
pseudostratified epithelia. A loss of cilia is evident in the thinnest sites on both biomate-
rials. While the process of resorption has a minimal impact on the xenogeneic graft, the
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synthetic graft has undergone a process already described as an interpenetrating bone
network [18] characterized by concurrent bone formation within the biomaterial structure
during its resorption.

The authors state that the scientific conclusions drawn in the paper are unaffected.
This correction was approved by the Academic Editor. The original publication has also
been updated.
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