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Bone is a dynamic tissue that can always rebuild itself by modeling and remodeling to maintain functionality.
This tissue is responsible for several vital functions in the body, such as providing structural support for soft
tissues and the body, being the central region of hematopoiesis in human adults, and contributing to mineral
homeostasis. Besides, it has an innate ability of auto-regeneration when damaged. All of these processes
involve several molecular cues related to biochemical and mechanical stimulus. However, when the lesion is
complicated or too big, it is necessary to intervene surgically, which may not effectively solve the problem.
Bone tissue engineering seeks to provide resources to resolve these clinical issues and has been advancing in
recent years, presenting promising devices for bone tissue repair. The understanding of some important
biofactors and bone stem-cells inﬂuence might be crucial for an effective regenerative medicine, since bone is
one of the most transplanted tissues. So, the purpose of this article is to provide an overview of the bone tissue,
including the role of stem cells and some of the bioactive molecules associated with these processes. Finally,
we will suggest future directions for bone tissue engineering area that might be helpful in order to produce
biomimetic bone substitutes that become a real alternative to translational medicine.
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1. Introduction
The human body has more than 200 bones of different
morphologies and sizes that can present a structural
function and protect vital organs. This complex, active
and hierarchic tissue also supports body movement and
locomotion. Besides, bones are responsible for the
production of blood cells, and for the storage of minerals and growth factors (GFs). Their physiological
function is deeply associated with the presence of stem
cells that are responsible for the production of GFs and
cytokines, critical regulators of cellular functions, such
as division, migration, and differentiation (Toosi and
Behravan 2019; Roseti et al. 2017).
Bone is exceptionally dynamic, vascularized, and
capable of promoting self-repair in a process without
scarring (Birkhold et al. 2015). However, bone injuries
http://www.ias.ac.in/jbiosci

can be congenital or acquired, such as the effects of the
increasing age, leading to bone loss that often results in
osteoporosis. Thus, the chances of fracture risk due to
bone fragility are greater (Andreasen et al. 2018; Birkhold et al. 2015; Chocholata et al. 2019). Moreover, in
some critical cases, it may require surgical intervention
(Shang et al. 2020). In situations such as trauma, infections, inﬂamation, tumor ressection, among others, when
lesion is complex and exceed a critical size, the therapeutic procedure involves a clinical interference (Pereira
et al. 2020). Currently, treatments for these cases include
options such as autogenous, allogeneic, or xenogeneic
bone graft transplantation. Artiﬁcial bone implant can
also be an alternative, leading to an increase on the
demand for tissue engineered bone (Shang et al. 2020).
Bone tissue engineering (BTE) is a promissing
approach that clinicians can count on, combining
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biodegradable and porous scaffolds with signaling
factors to provide appropriate cell adhesion, proliferation and function, as well as tissue restorage and vascularization (Rohman et al. 2019). Speciﬁcally, the
scaffold-based tissue engineering technique has been
considered and described in the literature as encouraging for bone regeneration. Despite it tries to reproduce bone architeture in the micro- and macro- scale,
improving cell expansion and differentiation, a suitable scaffold development is not free of challenges.
The appropriate mechanical properties and the possibility of host inﬂammatory response after scaffold
implantation are concerns to be overcome (Chocholata
et al. 2019; Pereira et al. 2020).
Furthermore, sometimes scaffolds do not promote
vascularization, either substantial supply for bone
restoration, which are essential aspects for implant
success (Pereira et al. 2020; Toosi and Behravan
2019; Roseti et al. 2017; Azevedo and Pashkuleva
2015). The ideal scaffold beneﬁts cell-cell contact,
improving the release of the biological factors associated with these mechanisms. Thus, intercellular
communication is critical for tissue recovery, and
promotes a more bioactive environment for cell
functions. For example, Mesenchymal Stromal/Stem
Cells (MSCs) interfere in bone tissue formation by
delivering citokines and GFs, which are necessary for
osteogenesis, chondrogenesis progresses, and bone/
mineral homeostasis regulation (Agarwal and Garcı́a
2015; Toosi and Behravan 2019).
The understanding of some important biofactors and
bone stem cells inﬂuence might be crucial for an
effective regenerative medicine since bone is one of the
most transplanted tissues. So, the purpose of this article
is to provide an overview of the bone tissue, including
the role of stem cells and some of the bioactive
molecules associated with these processes. Finally, we
will suggest future directions for bone tissue
engineering.

the ends of long bones, such as femurs and humerus,
are sites of blood formation (Andreasen et al. 2018;
Birkhold et al. 2015). The third function performed by
bone tissue is mineral homeostasis, contributing to the
signiﬁcant supply of calcium, phosphate, magnesium,
potassium, and bicarbonate. The bones are quickly able
to mobilize the mineral reservoir, thus performing
functions such as muscle movement and contraction,
supporting the load, and even protecting internal
muscles. Consequently, bone diseases can affect a wide
variety of functions in the body, which can result in
abnormal development, tumor growth, or even general
trauma. Therefore, bone deﬁciencies can be considered
serious.

2.2 Bone architecture
Based on the architecture, bone tissue can be organized
in two classes: trabecular or spongy bone, and cortical
or compact bone. The ﬁrst type is more porous, which
results in less resistance to compression when compared to the cortical bones. Trabecular bone presents a
large surface area, due to the sponge shape, leading to
more metabolic activity. Its morphology allows the
exchange of nutrients, biomolecules, and gases.
Trabecular bone can be found in the metaphysis of long
bones, such as femurs and humerus, and ﬂat bones (jaw
and skull), among others (ﬁgure 1).
The cortical bone is in the diaphysis of long bones
and it presents a smaller number of pores, being almost
solid, and it coats all bones in the body. This type plays
an essential role in the support function, and is divided
into three subtypes: long bones, such as the femur and
tibia; ﬂat bones, like the skull; and the third subtype is
short bones, such as those of the ankle and wrist
(Andreasen et al. 2018; Birkhold et al. 2015).

2.3 Bone morphology
2. Bone
2.1 Bone function
Bone has three main functions. Its fundamental role is
to provide structural support for soft tissues and the
body. It also levers for muscle action. They allow the
mobility of the adjacent muscles, moving within the
specialized joints. Moreover, in human adults, bone
tissue is the central region of hematopoiesis. Flat
bones, such as the pelvis, shoulder, among others, and

Macroscopically, a strong porous network composes
trabecular bone with ducts for the transport of substances. This network, also called trabeculae, functionally allows the forces distribution, in order to
minimize the risk of fractures, even under extreme
conditions. Also, bone tissue can reduce the effects of
weight, supporting the body movements, and distributing axial compressive forces. Bone morphology is
adequate to support the body’s structural demands,
providing strength and durability. Comparatively, the
ability of the bone tissue to absorb and release energy is
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Figure 1. Trabecular and cortical morphology and bone cells.

twice as high as oak, and the ultimate tensile strength
of bone is similar to that of cast iron (Andreasen et al.
2018). Regarding the cortical bone, structures called
osteons, which are disposed of very close to each other,
form its architecture. This pattern makes it effectively
resistant to curvature. It is possible to observe a higher
porosity and less thickness in the cortical bone with age
(Andreasen et al. 2018).

2.4 Bone cells
Microscopically, three cell types correspond to the
essential elements for the functional integrity of the
bone. Osteoblasts, osteocytes, and osteoclasts are
complementary and critical for the survival and activity
of this tissue with a dynamic structure that undergoes
constant changes throughout life (Martin et al. 2019).
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2.4.1 Osteoblasts: Osteoblasts are cells organized in
layers, formed by the bone matrix that later mineralize.
These cells have cuboidal morphology and are
responsible for the lamellar resource of bone. Functionally, osteoblasts can form bone tissue and can
exhibit receptors and proteins involved in bone
remodeling and mineralization. Besides, these cells can
also produce other proteins, such as the bone matrix
proteins, and also the ones that participate in the
catabolic process of the bone tissue restoration. They
are located on the bone surface, close to their precursors, the MSCs. Due to maintaining the functionality
and metabolic tissue response, osteoblasts depend on
anchorage, contact with matrix-cell, and cell-cell. A
variety of receptors and cytokines, hormones, growth
factors, and proteins control these contacts (Chen et al.
2018).
Occasionally, osteoblasts can attach themselves to
their calciﬁed matrix, leading to changes in their phenotype and their evolution to osteocytes. This differentiation process is mainly regulated by the
transcription factor 2 (RUNX 2). The progress of the
differentiation process is continuous. Cells produce
extracellular matrix (ECM) protein components, such
as type I, osteopontin, osteonectin, among others.
Enzymes involved in the mineralization process, such
as alkaline phosphatase, are very active in this process
in the osteoblasts. This mechanism of continuous differentiation of osteoblasts is responsible for the phenotypic heterogeneity. A group of differentiated
osteoblasts produces osteoids, which structure the nonmineralized organic matrix. In the future, the osteoids
evolve into osteocytes, playing an essential role in the
transduction of mechanical stimuli (Jiao et al. 2015;
Chen et al. 2018).
2.4.2 Osteocytes: Osteocytes are the central and most
abundant cells in the adult bone. They are responsible
for producing a network within the mineralized bone.
Derived from the MSCs, they are specialized and differentiated osteoblasts, but different morphologically
and functionally (Huang et al. 2019). Morphologically,
they are smaller in size, have a more signiﬁcant
nucleus/cytoplasm ratio, in addition to having fewer
organelles. Osteocytes present many cephalopods that
help them with the connection with cells of the bone
tissue lining (Huang et al. 2019; Chen et al. 2018).
Functionally, osteocytes are responsible for
mechanosensitivity and mechanotransduction. The
conversion of physical forces into biochemical signals,
resulting in cellular responses, is called mechanotransduction. In bone, this process includes

mechanical coupling, followed by biochemical bonding. Then, there is the transmission of the signal captured by the sensor cell to the effector cell, which will
be responsible for generating the response to the
stimulus (Huang et al. 2019). In this process, when
there is an increase in strength, osteoblasts are activated, resulting in a period of more signiﬁcant bone
formation. Otherwise, there is an increase in osteoclast
activity, leading to a decrease in tissue formation and
rising the resorption process. In both situations,
osteocytes coordinate the cellular activities, releasing
different stimuli that will induce one event or another
(Huang et al. 2019). They are the primary producers of
nitric oxide (NO), resulting from the transformation of
the applied mechanical load in biochemical events
(Martin et al. 2019). The balance of these processes
can be directly affected by factors such as age, sex, and
physical activity. Biochemically, the conduction
between physical forces and biochemical signals are
related to the presence of intracellular ion channels,
intracellular signaling, transmembrane molecules such
as integrins, among others. However, the biological
process involved in the mechanotransduction is always
complicated, diverse, implying in several mechanisms
of molecular signaling (Martin et al. 2019; Huang
et al. 2019).
Moreover, osteocytes promote bone remodeling, by
producing factors, such as colony-stimulating factor 1
(CSF-1), and receptor activator of nuclear factor
Kappa-B ligand (RANKL). The sensitivity of these
cells allows the bone to adapt to the mechanical load,
thus modifying the bone tissue mass. In addition,
osteocytes are able to regulate osteoblasts and osteoclasts functions, by secreting signaling factors (Huang
et al. 2019). Precisely because it is dynamic, bone can
modify its composition and structure in response to
mechanical stimuli, triggering responses depending on
these applied loads, hormonal or genetic regulation
(Martin et al. 2019).
2.4.3 Osteoclasts: Osteoclasts originate from bone
marrow pluripotent stem cells, which also generate all
blood cells. RANKL plays a vital role in its formation
and differentiation. Macrophage colony-stimulating
factor (M-CSF) also interferes, by acting in the survival
and the maintenance of the number of osteoclast precursor cells (Xiao et al. 2016). Functionally, osteoclasts have a high capacity to reabsorb the mineralized
bone by regulating the synthesis of matrix enzymes.
Regarding this, the presence of an apical membrane
supports the formation of a seal with the calciﬁed
matrix, activating lytic enzymes. The understanding of
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the mechanisms involved in this process can beneﬁt the
development of new therapies in order to reduce the
bone loss (Schett 2011).
2.4.4 Bone matrix: Bone is a tissue that is involved in
several essential processes for the human body. Much
of the properties that this tissue presents are related to
the constitution of the ECM. The bone matrix is
composed of two parts: the mineral and the organic.
Hydroxyapatite (65–70%) compounds the mineral
portion, and glycoproteins, proteoglycans, sialoproteins, among others compose the organic portion
(30–35%). How these molecules agglomerate is
unique, forming a ﬁrm and crystallized structure
together with collagen ﬁbers. Type I collagen ﬁbers are
the most abundant in the extracellular bone matrix and
play a fundamental role in the mechanical strength of
this tissue (Le et al. 2018).
3. Bone formation process
Two distinct mechanisms form bone tissue:
intramembranous ossiﬁcation and endochondral ossiﬁcation. Intramembranous ossiﬁcation occurs in the ﬂat
bones like the clavicle, skull, and most of the cranial
bones, involving MSCs differentiation into osteoblasts,
which gather into the ossiﬁcation center as they come
together forming a cluster. Then, osteoblasts start
secreting a unmineralized matrix, also called osteoid,
which is rich in collagen-proteoglycan and is able to
bind calcium. This way the matrix become harder and
osteoblasts attached, resulting in their differentiation
into osteocytes. In a continue process, osteoblasts keep
producing osteoids, which enclose blood vessels. This
mechanism forms the trabecular bone and the bone
marrow (Inoue et al. 2020; Breeland and Menezes
2020).
The endochondral occurs during embryogenesis,
involves three processes: bone matrix formation,
osteoblast differentiation, and ossiﬁcation (Vaca-González et al. 2018; Martin et al. 2019). In endochondral
ossiﬁcation, MSCs differentiate into chondrocytes,
proliferate and start to produce a cartilaginous matrix,
until they start secreting molecules that can inhibit the
proliferative process. Then, a layer of periosteum
appears in the central region of the long bone, which
consists of MSCs directed towards the formation of
bone instead of cartilage (Vaca-González et al. 2018;
Inoue et al. 2020).
Then, adjacent chondrocytes become hypertrophic
and producers of active proteins that work in matrix
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calciﬁcation. This process induces part of the bone
periosteum degradation and the resorption of part of the
internal matrix, leading to the appearance of the ﬁrst
blood capillaries. Also, it generates cellular migration
to hypertrophic cartilage, to promote vascularization in
the medullary cavity. Gradually, a new group of MSCs
differentiate into osteoblasts, proliferate, and produce a
calciﬁed bone matrix. The result is an immature bone
tissue, as it presents small collagen ﬁbers randomly
oriented. Therefore, this bone will later be remodeled,
forming the trabecular bone, which has more organized
collagen ﬁbers and superior mechanical characteristics
(Martin et al. 2019; Vaca-González et al. 2018).
The inﬂuence of compressive loads, shear stress,
among others mechanical stimulus, on bone dynamics
is right for bone tissue physiology. Mechanical stimuli
can interfere with cellular activities such as proliferation, apoptosis, hypertrophy, and the expression of the
factors such as vascular endothelial growth factor
(VEGF), Transforming Growth Factor (TGF-b), among
others (Vaca-González et al. 2018). As these cellular
processes inﬂuence bone remodeling, the bone cells
must detect the applied mechanical forces and translate
them into biochemical signals. Thus, it is possible to
modulate bone tissue formation and reabsorption
through stimulus processed by osteocytes, as mentioned above.
3.1 Bioactive molecules involved in bone
formation
Biochemical factors and also biomechanical aspects
control bone morphogenesis and growth. Endogenous
elements that directly interfere with osteogenesis and
bone growth vary according to the type. They can be
different types of hormones like thyroid and estrogen,
insulin-like growth factors, vitamin D, nuclear
receptors responsive to retinoids, glucocorticoids,
among other signaling factors (Vaca-González et al.
2018; Agarwal and Garcı́a 2015; Lienemann et al.
2012). In this review, we will brieﬂy present the most
important ones (table 1).
GFs are proteins secreted by the bone tissue cells and
others, classiﬁed according to their function into three
distinct classes. Autocrine action is the ﬁrst one in
which factors affect their origin cells or phenotypically
similar ones. The second group includes growth factors
with a paracrine effect, which corresponds to the action
of growth factors on neighboring cells. Finally, they
can also be categorized according to their endocrine
activity, when they affect phenotypically distinct cells.
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Table 1. Signaling factors involved in bone formation
Signaling
molecules
TGF
bFGF
IGF1
VEGF
RUNX2
BMPs
RANK/
RANKL
OPG

Action
Induces osteoblast chemotaxis and
osteoclast deactivation
Role in osteoblast maintenance
Promotes bone matrix formation and
osteoblast differentiation
Optimizes angiogenesis
Role in osteoblast differentiation
Stimulate precursors cells differentiation
into chondrogenic/osteogenic cells
Leads to osteoclast activation and
maturation
Helps to hematopoietic stem cells and
osteoclasts attach to bone ECM

TGF, Transforming Growth Factor; bFGF, Basal Fibroblastic
Growth Factor; IGF1, Insulin-like Growth Factor 1; VEGF,
Vascular Endothelium Growth Factor; RUNX2, Runt-Related
Transcription Factor 2; BMPs, Bone Morphogenic Proteins;
RANK/RANKL, Receptor Activator of Nuclear Factor
Kappa B/Receptor Activator of Nuclear Factor Kappa B
Ligand; OPG, Osteoprotegerin.

In this way, the regulatory effects of growth factors are
broad, including the diversity of cellular and also tissue
functions (Lienemann et al. 2012; Zhang et al. 2013;
Shen et al. 2010).
Initially, GFs bind to speciﬁc receptors found on the
cell membrane of target cells. Consequently, these
bonds trigger several metabolic functions, such as cell
growth, migration, proliferation, differentiation, and
bone tissue regeneration (Toosi and Behravan 2019;
Zhang et al. 2013; Shi et al. 2013; Wang et al. 2015;
Heirani-Tabasi et al. 2017).
An essential member of this family is TGF - b, which
acts to control the development of several organs, by
regulating cell differentiation, function, and migration.
In bone, osteoblasts produce TGF-b and its expression
and storage is dependent of the amount of matrix
proteins collagens type I and II. Subsequently, this GF
is released, and actively participates in the reabsorption
and formation of bone tissue, mediated by osteoclasts
(Huang et al. 2019; Heirani-Tabasi et al. 2017; Poniatowski et al. 2015). TGF-b decreases the osteoclast
differentiation factor, the Receptor Activator of Nuclear
Factor Kappa B ligand (RANKL) production. Thus,
this GF regulates the bone mass resorption. Moreover,
it stimulates osteoblast precursors, leading to their early
differentiation and the production of ECM protein as
well (McLaughlin et al. 2020).
Within the TGF-b superfamily, there is a set of about
20 types of proteins capable of bone and cartilage

tissue production and repair. Bone morphogenesis
proteins (BMP) have osteoinductive potential, stimulating the differentiation of the MSCs into osteoblasts
(Barcak and Beebe 2017; Zhao et al. 2015).
In humans, the group of ﬁbroblast growth factors
(FGF) comprises 22 members, divided into seven
families, acting in several biological functions such as
the regulation of embryonic and organ development,
metabolism, and bone formation (Študent et al. 2018;
Richter and Faul 2018; Goetz and Mohammadi 2013;
Pool and Wolf 2017; Erben and Andrukhova 2015).
In bone, they negatively modulate osteoprogenitor
cell proliferation and differentiation, leading to the
maturation of bone tissue during endochondral formation. Basic FGF (bFGF) is a potent mitogen and
chemoattractant agent. It modulates endothelial cells,
ﬁbroblasts, and keratinocytes response, stimulates the
metabolism, the growth of the ECM and the movement
of mesoderm derived cells (Hu et al. 2013; Angelin
et al. 2012). It is synthesized by MSCs and mature
osteoblasts and regulates apoptosis of osteoblasts
(McLaughlin et al. 2020).
In addition to the factors mentioned above, the
growth factor similar to type 1 insulin also inﬂuences
bone formation, in addition to being essential for other
growth and differentiation processes in different tissues. This factor is a small peptide produced in the liver
in response to growth hormone. In bone, endocrine,
paracrine, and autocrine factors modulate IGF-1
activity. This action may have a local and systemic
response to the maintenance of bone mass. IGF-1 affect
mature bone cells promoting the expression of osteocalcin, osterix, and collagen type I. In addition, it
regulates chondrocyte functions, being essential for a
good endochondral ossiﬁcation. The decrease in IGF-1
receptor levels in chondrocytes, osteocytes and osteoblasts results in uncontrolled cell proliferation and
differentiation. Thus, disorders that trigger the decrease
in IGF-I levels can lead to diseases related to the loss of
bone mass, such as osteoporosis, among others. Its
storage is in bone ECM (Quiles et al. 2019; Guntur and
Rosen 2013; McLaughlin et al. 2020).
The vascularization of bone tissue is very high,
showing a relationship in the development of processes
such as fracture formation and regeneration. Bone cells,
such as hypertrophic chondrocytes, osteoblasts, communicate with vascular cells. They regulate the production of angiogenic factors, such as VEGF,
stimulating the invasion of new blood vessels in the
tissue. This process, called angiogenesis, provides
oxygen, nutrients, and minerals essential for bone formation. VEGF triggers the enzyme alkaline
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phosphatase (ALP) activity in the primary osteoblasts
and induces migration and differentiation of osteoblasts
and osteoclasts to bone formation sites. Factors, such as
RUNX2, mediate the release of VEGF by these cells,
regulating the associated processes (Vaca-González
et al. 2018; Hu and Olsen 2017; Clarkin and Gerstenfeld 2013; Hu and Olsen 2016; Kusumbe et al.
2014; Worthley et al. 2015; McLaughlin et al. 2020).
Also known as runt-related transcription factor 2,
RUNX2 is a member of a family of transcription factors
that is expressed by immature osteoblasts during the late
stage of chondrogenesis. Its expression is associated to
the activation of a signalling cascade promoted by the
release of the Hepatocyte Growth Factor (HGF),
resulting in higher amounts of RUNX2. This protein
actively regulates the differentiation of osteoblasts and
their cell cycle in the context of bone morphogenesis
(Huang et al. 2019; McLaughlin et al. 2020).
Osteocalcin is a hormone secreted by osteoblasts that
helps in the mobilization of glucose, raising energy
expenditure. It plays a crucial role in bone mineralization, as well as participating in calcium ions
homeostasis (Huang et al. 2019).
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generating a cartilage matrix that serves as a support for
osteoblasts to produce the bone matrix (Heirani-Tabasi
et al. 2017).
Along with osteoclasts, osteoblasts constitute the
primary cells involved in bone remodeling. While
osteoclasts participate in the bone tissue reabsorption
process, osteoblasts act in the formation of the bone
matrix (Agarwal and Garcı́a 2015).
However, the role of MSCs in bone tissue formation
can be different when there is a fracture and a repair
process involved. There is an inﬂammatory process
associated that leads to an intra membranous and
endochondral ossiﬁcation. This last process requires
the active participation of MSCs, which are present in
the surrounding region and the blood vessels of the
injured region (Agarwal and Garcı́a 2015).
Stem cells are sensitive to the microenvironment.
Their cytoskeleton responds and regulates the rigidity
of these cells. However, changes in the mechanical
properties of stem cells can interfere with their physical
interactions with the adjacent ECM, and thus affect the
process as a whole.
3.3 Bone remodeling

3.2 MSCs roles in bone formation
Human MSCs have a high proliferation capacity, present a self-renewal ability, and can differentiate into the
mesodermal lineage, which includes bone, cartilage,
and adipose tissue (Grayson et al. 2015; Manzini et al.
2015). Furthermore, they release soluble biofactors that
can have an immunomodulatory function, which leads
to a better regeneration process in an injured tissue
(Manzini et al. 2015).
Understanding the role of stem cells in some diseases
has increased interest in the use of MSCs in regenerative medicine. These cells can be obtained from several tissue sources, such as bone marrow, periosteum,
adipose tissue, dental pulp, and umbilical cord. The
MSCs isolated from these tissues can be expanded
in vitro and applied in clinical trials, improving patient
survival in many cases, with few undesirable effects.
Also, studies demonstrate the effectiveness of using
these cells in bone regeneration in animal models (Le
et al. 2018; Heirani-Tabasi et al. 2017).
During the early stages of bone tissue development,
the signaling factors are released, acting on the mesenchyme in order to induce the proliferation of the
present cells. Simultaneously, some MSCs next to
cartilaginous cells can differentiate into osteoblasts.
Thus, they invade the hypertrophic chondrocyte zone,

The process of bone formation and deposition on surfaces without the need of being previously reabsorbed
is called modeling. The longitudinal growth of long
bones in the metaphysis and diaphysis exempliﬁes the
modeling process. The study of this process, as well as
remodeling, allows the understanding of the inﬂuences
of hormones, growth factors, among other agents.
Physiological processes of bone modeling and remodeling have direct interference of signaling factors. The
role that each plays in autocrine, endocrine, and paracrine regulates them positively or negatively (Siddiqui
and Partridge 2016; Chandra et al. 2013; Chen et al.
2012; Frenkel et al. 2010).
Remodeling is a regulated process for the formation
and resorption of trabecular bone by osteoclasts, leaving the region to be ﬁlled by the activity of osteoblasts.
The factors involved in this regulation can be biochemical, such as growth factors and hormones, and
mechanical. Bone cells recognize a mechanical stimulus and transform them into biochemical reactions in a
process called mechanotransduction (ﬁgure 2) (Frenkel
et al. 2010; Siddiqui and Partridge 2016; Hamidouche
et al. 2010).
Consequently, a cellular response can trigger the
growth or resorption of bone tissue. Osteoblasts are the
cells that make bone, while for resorption, osteoclasts
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Figure 2. Remodeling process and biological factors involved. NO, nitric oxide; PGE2, Prostaglandin E2; SOST, SOST
gene (expressed by osteocytes).

digest the old bone tissue, including bone matrix and
aged osteocytes. The lack of balance between resorption and bone formation, caused by excessive resorption, results in bone diseases (Huang et al. 2019).
Osteoclasts work by coordinating these processes
and the balance in bone remodeling. It starts when
osteoprotegerin (OPG) binds to RANK, leading to a
cascade of signaling and gene expression that results in
osteoclasts formation. OPG is a cytokine secreted by
osteoblasts and is a competitive endogenous ligand of
other molecules, such as parathyroid hormone, estrogen, prostaglandin E-2, among others, including
molecules that act by inhibiting the formation of
osteoclasts, consequently, bone resorption (Huang
et al. 2019; Siddiqui and Partridge 2016).
In the adult human being, remodeling is the most
active and dynamic process for old damaged bone
restoration related to daily physical load and aging
effects avoidance and its consequences. This

mechanism promotes bone repair between 3 to 6
months and involves the ability to adapt to changes,
such as load distribution, nutritional and metabolic
variation, and replacing injured or dead tissues (Hildreth et al. 2010; Huang et al. 2019).
Usually, hematopoiesis does not affect the bone
structure. However, the ratio of bone quantity to bone
marrow quantity may decrease when metabolically
active processes occur, such as at high altitudes where
more red blood cells are essential, or even in certain
types of leukemias (Siddiqui and Partridge 2016;
Huang et al. 2010).

4. Fracture healing
Bone tissue can repair most fractures, and however,
when the lesion is complex, often the treatment
involves an invasive procedure to heal the injured
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tissue. Generally, the bone fracture repair process is
similar to the embryonic bone formation stage,
involving three main phases. The inﬂammatory is the
ﬁrst and the fastest stage, which forms a blood clot in
the lesion site. It attracts phagocytic cells to the injury
spot by chemotaxis. Both adaptative and innate
immune response are critical at this stage of fracture
healing, but MSCs have an essential role in maintaining the balance by releasing immunosuppressive
paracrine factors (Einhorn and Gerstenfeld 2015).
Then, it starts the second phase, called repair, when
osteoblasts cover the clot. There is an intense proliferation of these cells and also the migration of MSCs
that differentiate into osteoblasts. If the fracture is
mechanically unstable, the MSCs differentiate into
chondrocytes to build a structure of the affected site,
generating the bone callus. This process of chondrocyte
differentiation results in the ECM mineralization. In the
last phase, the remodeling, catabolic activity results in
the callus volume decrease with the cartilage resorption. In addition, the angiogenesis process continues
and the bone formation results in the lamellar bone
(ﬁgure 3) (Agarwal and Garcı́a 2015; Mehta et al.
2012; Kumar et al. 2010; Einhorn and Gerstenfeld
2015).

Figure 3. Fracture healing progress.
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Along with stem cells, several GFs, among other
signaling agents, are recruited. They actively participate in the bone tissue restoration process. In addition
to the cytokines mentioned in this work, pro-inﬂammatory signaling factors, such as TNF-a and IL-1,
regulate the immune and inﬂammatory response,
playing essential roles in the bone tissues formation
and remodeling (Huang and Ogawa 2010; Agarwal and
Garcı́a 2015; Lim et al. 2013). So, a sufﬁcient repair of
bone tissue involves the growth of the damaged
extremities, without scar formation (Agarwal and
Garcı́a 2015; Mehta et al. 2012; Carragee et al. 2011).
During the repair process, the formation of scar tissue in the lesion is a problem, as it prevents the
recovery of normal tissue morphology and functionality. Clinically, scarring occurs due to the deposition of
collagen in high amounts on the injured tissue.
Cytokines and GFs such as TGF-b, epidermal growth
factor (EGF), FGF, and platelet-derived growth factor
(PDGF) modulate this growth (Huang and Ogawa
2010; Agarwal and Garcı́a 2015; Huang et al. 2010).
Bone mechanotransduction is a process that also
contributes to the complete regeneration of the injured
tissue. Gradually, the traction contributes to the osteogenesis process and the distension of the skin, nerves,
and muscles (Huang and Ogawa 2010). Depending on
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the fracture type, the load, and the implant ﬁxation for
treatment, the hydrostatic pressure and traction tension
inﬂuence the mechanical modulation in this repair
process, stimulating the regeneration (Huang and
Ogawa 2010).
When the fracture requires intervention, osseo-integration validates the use of surgical implants, which
means that there is a connection between the implant
and the living bone tissue. Gradually, the implants can
replace the injured tissue, being functional for the load
support. Mass adaptation to load and structure leads to
the implant ﬁxation to the bone (Agarwal and Garcı́a
2015). Fracture ﬁxation and immobilization inﬂuence
the differentiation of osteogenic stem cells. They
determine whether the chondrocytes or osteoblasts
formation (Einhorn and Gerstenfeld 2015).
Due to all these factors, it is essential to develop
products that provide better survival conditions for
stem cells, signaling factors, and osteoinductive substances. This understanding could guide new bone
tissue engineering discoveries that could be explored
for bone repair and local and systemic therapies (Einhorn and Gerstenfeld 2015).

implant failure rate, integrating it with the native tissue
(Kolk et al. 2012; Lanza et al. 2011).
This method unites scientiﬁc principles of engineering, biology, and physics, by combining biomaterials, cells, and factors. Especially in the case of bone
tissue, the use of osteoprogenitor cells or already differentiated bone cells would be ideal. Several studies
report the use of MSCs for bone tissue engeneering
applications (Chi et al. 2020; Jaidev and Chatterjee
2019; Chen et al. 2020). In addition, treating injured
bone tissue with MSCs could reduce the need for long
term treatment, effectively healing and increasing the
patient’s quality of life. Moreover, the use of endogenous sources of bioactive molecules and GFs are
described in the literature, aiming to enhance the tissue
functionalization (Teotia et al. 2018).
The biomaterials used for scaffolds manufacturing
must-have characteristics that beneﬁt cellular adhesion
and proliferation, and also support the applied loads.
Thus, this approach would biomimetic the original
tissue, leading to clinical applications. Furthermore, the
signaling factors must be osteoinductive to optimize
tissue regeneration (Grayson et al. 2015; Zhao et al.
2020; da Silva et al. 2012; Zhao et al. 2015).

5. Bone tissue engineering (BTE)
5.1 Biomaterials
Fractures with a critical size that result from situations
such as severe trauma, congenital deﬁciency, osteoporosis and tumor resection are signiﬁcant medical
challenges worldwide (Tang et al. 2016; Qayoom et al.
2019; Teotia et al. 2019; Raina et al. 2020). Bone
tissue presents a self-healing potential, but when the
lesion exceeds a size boundary, it is necessary to perform a surgical approach, usually, invasive (Liu et al.
2019; Amini et al. 2012; Roseti et al. 2017).
Currently, treatments involve the transplantation of
xenogenous and heterologous mineralized matrix and
the placement of autologous bone grafts. In some cases,
therapy may use implants made with biomaterials such
as polymers, metals, and ceramics. Often, these
approaches are not sufﬁcient, and it is common for
orthopedic surgeons to seek new therapeutic options
capable of restoring the physiological characteristics of
bone and cartilage tissue (Grayson et al. 2015).
Tissue engineering for bone repair is an alternative
for cases in which the fracture needs surgical intervention. This approach used for bone regeneration can
offer adequate and effective orthopedic therapies,
reducing the need for tissue donors. Also, this treatment may allow a single surgical intervention, since the
scaffold mechanical properties study could decrease the

Some biomaterials can assist in the sustained release of
osteogenic factors, ensuring the effectiveness and the
appropriate time for treatment. Besides, the ideal biomaterial should not interfere with the biological activity
of the factors and must be metabolized in vivo. The
products generated by its metabolism must not be
cytotoxic. Several options can be used, among organic
and inorganic materials. Gelatin (Teotia et al. 2016),
chitosan (Raina et al. 2016; Qayoom et al. 2020a),
hyaluronic acid (Park et al. 2020), poly-caprolactone
(PCL) (Abbasi et al. 2020), among others, are organic
biomaterials. Hydroxyapatite (Raina et al. 2019) and
calcium phosphate (Raina et al. 2018; Qayoom et al.
2019, 2018) are examples of inorganic materials. They
allow associations, generating products of the combination, such as porous hydroxyapatite/collagen (Zhao
et al. 2015; Matassi et al. 2011). Also, the literature
reports the use of combined biomaterials such as calcium sulphate hemihydrate and hydroxyapatite for drug
delivery application as well (Qayoom et al. 2020b).
Among the biomaterials options for bone tissue
engineering applications, there are permanent and
biodegradable alternatives that are absorbed and
metabolized by the body. Necessarily, these materials
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must be biocompatible, and present characteristics such
as osteoinduction and osteoconduction. Moreover, they
must enhance the integration with the original tissue,
and be mechanically compatible and stable to present
the load sustain function. These characteristics are
related to the physical properties of the scaffold and
can be adjusted by surface modiﬁcation, which may
generate a desirable mechanical strength that leads to a
successful implantation (Chi et al. 2020). Also, the
bioactivity of the scaffolds can be enhanced by surface
functionalization, leading to an increased attachment
and proliferation rates, and osteogenic differentiation
(Jaidev and Chatterjee 2019; Chen et al. 2020).
Biomaterials should offer a favorable surface for
cellular adhesion, and structurally guide the cell
growth, providing the appropriate environment for
healthy physiological interactions of bone tissue. In this
way, they can improve ECM remodeling, stimulating
cell differentiation, and the integration with the surrounding native tissue (Cunha et al. 2019; Matassi
et al. 2011; Jaidev and Chatterjee 2019; Chi et al.
2020) (table 2).
5.2 Three-dimensional (3D) printing
and bioprinting
Additive manufacturing (AM) technology, popularly
known as 3D printing, presents some beneﬁts that
make it a promising alternative for bone tissue engineering. This science can recreate the individual
anatomical complexity, leading to customized reconstructions. This approach allows the production of
scaffolds that guide and support cell growth. Moreover,
it can enhance scaffolds functions and their mechanical
properties, by associating different materials, signaling
factors, and cells (Chen et al. 2020; Chi et al. 2020).
Thus, AM optimizes surgery planning, can reduce the
operation time, and also stimulate a faster recovery
(Desai et al. 2013; Lee et al. 2020; Bae et al. 2018;
Shim et al. 2013; Dupret-Bories et al. 2018; Han et al.
2018; Maricevich et al. 2019; Saska et al. 2018; Steffens et al. 2016; Zhao et al. 2015; Bose et al. 2013;
Jaidev and Chatterjee 2019).
Bioprinting is a rising technology that adds even
more practicality to 3D printing technology, as it
enables the joint production of materials containing
biological substances or cells. This new approach
presents applications in tissue engineering for bone
repair, and several biomaterials can be used, such as
hydrogels (Hernández-González et al. 2019). They
have interesting viscoelastic properties for fabrication,
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have high water content, and a porous structure that
favors the diffusion of nutrients and gases. Besides,
they are ﬂexible and soft. Thus, hydrogels, such as
alginate, represent a promising alternative for tissue
engineering by mimicking biological tissues. At the
same time, it is still possible to promote the synergy of
this type of biomaterial with therapeutic options such
as proteins, GFs, drug delivery, and cells (Groll et al.
2016; Hernández-González et al. 2019; Dávila and
d’Ávila 2017; Dávila et al. 2016; Habibovic 2017).
5.3 Metamaterials and topological optimization
Designing advanced models for use in tissue engineering for bone repair, which takes into account the
hierarchy of injured tissue, is a challenge for
researchers. The choice of material, its characterization,
and the improvement of its properties are fundamental
steps in this process (Meyers et al. 2013). In this
aspect, different types of materials are tested and
designed experimentally at different levels of the
hierarchical scale (Ajdari et al. 2012; Oftadeh et al.
2014; Li and Fang 2014; Rayneau-Kirkhope et al.
2012b, a, 2013; Meza et al. 2015). The objective is to
design a structure capable of sustaining traction forces.
For that, a speciﬁc group of molecular and conﬁgurational dispositions is a determining factor because the
initial effort for extension needs to be small to reduce
energy expenditure. Also, the material needs to harden
in the vicinity of the breaking point in order to withstand failures. Biopolymers and some metals are
options that present advantages in this process of
obtaining metamaterials (Meza et al. 2015).
Mechanical metamaterials are artiﬁcial structural
constructions that have mechanical characteristics
induced by their structure, designed to present values
different from those found in nature (Meyers et al.
2013). Metamaterials exhibit an abnormal behavior of
expansion through elongation and may have a inverse
Poisson’s ratio.
Metamaterial could be designed by the arrangement
of replicant single structural cells, featuring a cellular
solid (Gibson and Ashby 1999), or by the distribution
of irregular shapes and material concentration along
with the model, to reach the desirable characteristics.
The tool to obtain both solutions is topological
optimization.
This kind of tool combines a ﬁnite element algorithm
with another, which checks the interaction of the
geometry and the boundary conditions of the model,
modifying and generating new patterns and shapes
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Table 2. Bone tissue engineering (BTE) – Current strategies
Topic

Features

Biomaterials Osteoinduction
Osteoconduction
Surface functionalization
and modiﬁcation
3D printing Anatomical complexity
reproduction

Bioprinting

3D printing of materials
containing bioactive
substances/ cells.

Current strategies

Reference

Surface functionalization
and modiﬁcation

(Jaidev and Chatterjee 2019; Cunha et al. 2019;
Matassi et al. 2011; Chi et al. 2020)

Use of different materials,
signaling factors and
distinct cell sources

(Chen et al. 2020; Chi et al. 2020; Lee et al. 2020;
Bae et al. 2018; Shim et al. 2013; Dupret-Bories
et al. 2018; Han et al. 2018; Maricevich et al.
2019; Saska et al. 2018; Steffens et al. 2016;
Jaidev and Chatterjee 2019)
(Hernández-González et al. 2019; Groll et al.
2016; Dávila and d’Ávila 2017; Dávila et al.
2016; Habibovic 2017)

Hydrogels that favors
nutrients and gases
diffusion

Some of the current BTE approaches for a successful implant.

using a responsive approach. With a ﬁnite element
software simulating the effects of the desired variable
to redesign the primordial shape, the topological
algorithm models geometry-shape to an optimized,
reasonable condition (Deaton and Grandhi 2014).
It is an intuitive and consolidated approach, which
has been validated in many areas, such as the automotive and aerospatial industry (Cavazzuti et al. 2011;
Eloy et al. 2017; Zhu et al. 2016). Topological optimization has been used in biological applications, most
speciﬁcally in loading secondary structures like bones,
to understand the behavior and conformation of cortical
bone and other biological responses to mechanical
strain and stress (Sutradhar et al. 2016). Also, it has
been useful to design more efﬁcient prostheses, supporting bone regeneration and osseointegration of the
titanium alloy replacement prostheses (Park et al.
2018).
Topological optimization to develop adapted metamaterials may be used to generate implantable structures that can be an effective alternative for BTE
applications because they have a greater surface area
for cell adhesion and proliferation (Lei et al. 2019;
Zadpoor 2016; Greaves et al. 2011; Babaee et al.
2013; Rouxel et al. 2010; Chen et al. 2017; Zhang
et al. 2018; Wu et al. 2016; Huang et al. 2017; Ren
et al. 2018; Rafsanjani and Pasini 2016; Papadopoulou
et al. 2017; Wei et al. 2016; Mirzaali et al. 2018; Li
et al. 2018).
5.4 Tissue maturation – Bioreactors
The production of an engineered tissue by expanding
in vitro cells collected by biopsy from the patient
(autologous) is a strategy that can be employed. They

can grow in a controlled environment using bioreactor
technology. This approach allows gas exchange and
creates a microgravity environment that promotes new
tissue growth. Moreover, this personalized 3D-tissue
could present some desirable characteristics such as
biomimetics, and suitability for bone tissue (Matassi
et al. 2011; De Witte et al. 2018).
Regenerative medicine for bone tissues has challenges in translating experimental research into the
clinic. Most of the technologies developed require
multiple surgeries, in addition to time for cell expansion in the graft (Matassi et al. 2011). The scientiﬁc
advancement of techniques that allow the optimization
of these processes can mean improvements in the
hospital system and the patient’s quality of life.
6. Biological models of bone repair
Besides experimental and clinical research, in silico
studies for the investigation of bone behavior according
to different stimuli lead to prior analysis of the laboratory stage. Computational research develops mathematical models that can report the adaptive process of
the fractured bone tissue. A bi- (2D) or three- dimensional (3D) domain represents the cellular and tissue
behavior and aims to investigate the inﬂuence of biochemical factors on this dynamic. The in silico analysis
may include mechanobiological factors as well (Martin
et al. 2019; Birkhold et al. 2015; Bouxsein et al. 2010).
These 2D or 3D domains can be meshed with ﬁnite
element concepts with structural optimization (mesh
reﬁnement) by using structural engineering approaches
for mechanical analysis. This analysis allows for better
visualization of the results when a cellular activity or
tissue development starts. Also, It is possible to predict
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in vivo situations, physiological adaptation to the
implant, the mechanical loads’ distribution, and the
adaptative response to loading, which is valuable to
understand how the bone engineered- tissue would
behave (Birkhold et al. 2015; Bouxsein et al. 2010).
The ﬁndings offer guidance to experimental analyzes
that may help and direct the researches concerning
bone engineered- tissue development, optimizing the
time of research, surgery, and even recovery. Also,
modeling can decrease analysis and medical expenses,
and, most of all, can improve the patient’s quality of
life. In this process, it is possible to analyze the bone
formation, resorption, and restoration by optimizing the
geometry that treats situations in separate ways. Then,
it is possible to analyze it more similar to the physiological state (Birkhold et al. 2015; Willie et al. 2013).
Various areas in medicine, such as cardiology,
genetics, pharmacology, dentistry, among others, have
adopted computational modeling to guide experimental
researches before clinics. In odontology, the bone
structure regarding dental implants placement has
previously used modeling to anticipate problems that
might appear during or after implant surgery (Costa
et al. 2014; Sirandoni et al. 2019; Lencioni et al. 2020;
Mattazio et al. 2020; Fernandes et al. 2019).

7. Future directions and conclusions
Bone natural structure inspires the production of threedimensional porous structures, presenting several
hierarchical levels of architecture, such as the macro-,
microscopic scale, sometimes nanometric. We strongly
support the in silico study of these structures formation
and repair. Computational models allow ﬁrst to predict
and understand biological cues involved in bone tissue
mechanisms. Also, in silico studies are valuable tools
to better plan and optimize lab experiments and,
mainly, assist surgeons to avoid surgical complications
related to implant–original tissue interactions.
Moreover, the BTE with hierarchical structure
(BTEHS) enables the adequate substance supply at
different scales during the bone regeneration process,
in addition to enabling the innate mechanisms of
regeneration of the tissue itself. Also, these substitutes
may have osteogenic properties that induce the differentiation of bone cells, and restoring the original
architecture and function of the injured tissue (Tang
et al. 2016; Hernández-González et al. 2019). Also,
the multifunctional and osteo-integration capacities are
mandatory for the next-generation bone scaffolds,
aiming a better bone mineralization (Singh et al. 2020).
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Moreover, the bioprinting approach can be a promising alternative for BTE applications by overcoming or
mitigating the gap of tissue repair and vascularization.
Rather than the 2D culture that is homogeneous, this
process provides a 3D environment for cellular growth
and expansion, which better mimic the cellular distribution and the cell–cell and the cell–matrix interactions.
These trends can signiﬁcantly contribute to obtaining
ideal osteogenic properties, in addition to better tissue
recovery. Consequently, we suggest that translational
medicine can beneﬁt from the development of these
tissue engineering techniques, mainly related to
improving the patients’ quality of life.
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Silva JVLd, d’Ávila MA 2016 Fabrication of pcl/b-tcp
scaffolds by 3D mini-screw extrusion printing. J. Appl.
Polym. Sci. https://doi.org/10.1002/app.43031
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