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ABSTRACT

The bone microenvironment is characterized by an intricate interplay between cellular and noncellular components, which controls bone
remodeling and repair. Its highly hierarchical architecture and dynamic composition provide a unique microenvironment as source of
inspiration for the design of a wide variety of bone tissue engineering strategies. To overcome current limitations associated with the gold
standard for the treatment of bone fractures and defects, bioengineered bone microenvironments have the potential to orchestrate the
process of bone regeneration in a self-regulated manner. However, successful approaches require a strategic combination of osteogenic, vas-
culogenic, and immunomodulatory factors through a synergic coordination between bone cells, bone-forming factors, and biomaterials.
Herein, we provide an overview of (i) current three-dimensional strategies that mimic the bone microenvironment and (ii) potential applica-
tions of bioengineered microenvironments. These strategies range from simple to highly complex, aiming to recreate the architecture and
spatial organization of cell-cell, cell-matrix, and cell-soluble factor interactions resembling the in vivo microenvironment. While several bone
microenvironment-mimicking strategies with biophysical and biochemical cues have been proposed, approaches that exploit the ability of
the cells to self-organize into microenvironments with a high regenerative capacity should become a top priority in the design of strategies
toward bone regeneration. These miniaturized bone platforms may recapitulate key characteristics of the bone regenerative process and hold
great promise to provide new treatment concepts for the next generation of bone implants.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0065152

I. INTRODUCTION

The self-healing capacity of bone can become significantly com-
promised in the case of, e.g., large bone defects, patient co-morbidities,
aging, and inflammatory disorders.' These factors complicate the nat-
ural process of bone regeneration. Consequently, osseous reconstruc-
tive surgery is often still a major clinical challenge for the treatment of

the human bone microenvironment under in vitro conditions to pro-
vide cells the structural, biochemical, and/or instructive signals that
positively influence bone tissue regeneration and healing after
implantation.

Presently, the ever-increasing knowledge of the physiology, archi-
tecture, composition, macro/microscopic properties, and mechanisms

severe fractures and/or large bone defects. Even the gold standard
treatment, i.e., the use of autologous bone grafts, has been associated
with poor bone regeneration, infection, and limited availability.2
Aiming to circumvent the limitations of these conventional medical
procedures, bone tissue engineering (BTE) and cell-based therapies
have emerged as an alternative to engineer bone tissue for implanta-
tion. In fact, one of the most promising strategies entails mimicry of

of formation and repair of bone’” has inspired the design of a pleth-
ora of biomimetic bone microenvironments, ranging from simplest to
advanced approaches. The multifaceted spatial organization of cell-
cell, cell-matrix, and cell-soluble factor interactions resembling the
in vivo bone microenvironment has been recreated in a three-
dimensional (3D) manner.”® While a wide range of bioengineered
strategies with suitable biophysical and biochemical cues have been
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proposed, approaches that exploit the ability of the cells to self-
organize into constructs with a highly regenerative capacity have
become a top priority in the design of strategies toward bone regenera-
tion.” Despite encouraging findings, the utilization of the bioengineered
bone microenvironment is still poorly translated to human clinical
trials, in part due to our limited ability to understand, modulate, and
control the regenerative steps, the re-vascularization process, and the
host’s response that usually results in failure of the BTE strategy.'*™"”

In this Perspective, bioengineering bone microenvironments
recapitulating key characteristics of the bone regeneration pathway
hold great promise to provide new treatment concepts for replace-
ment, regeneration, and healing of bone. To this end, miniaturized
bone platforms can assist in (i) investigating cellular and noncellular
components of the native bone microenvironment as well as their
highly orchestrated interplay; (ii) combining different biomaterials,
properties, and technologies to design approaches with high biological
complexity and regenerative capacity; (iii) synchronizing cells with
biochemical and physical cues in a regulated manner able to guide and
improve new bone tissue formation; (iv) exploiting biocompatible and
immunomodulatory strategies to avoid immune rejection of the
implant; (v) identifying the appropriate strategy for personalized ther-
apy; and (vi) achieving reproducible performance parameters required
to facilitate clinical translation. Alternatively, the development of such
technologies can also be extremely useful for the in vitro basic research
in bone biology, assessment of novel pharmaceutical formulations for
bone/bone marrow pathologies, and as an alternative to reduce animal
experimentation.

Il. THE HUMAN BONE MICROENVIRONMENT

Histologically, long bones are subdivided in the following osseous
tissues: (i) bone marrow (the soft tissue that fills the central bone

A) Bone architecture B)
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intra-medullary channel where hematopoiesis takes place), (ii) trabec-
ular bone (a tissue with an irregular structure and high porosity, 50-90
vol. %), (iii) cortical bone (the hard-outer layer with an ordered struc-
ture and low porosity-10 vol. %), (iv) periosteum (a connective tissue
along the outer surface of bone comprised by osteoprogenitor cells,
which plays an indispensable role in bone healing), and (v) cartilage (a
flexible tissue that covers the ends of bones to create a low-friction
environment and cushion at the joint) [Fig. 1(a)].

This specialized 3D microenvironment is characterized by syn-
chronized secretion of signaling molecules by skeletal cells, namely,
osteoblasts, osteoclasts, and osteocytes, which are jointly responsible
for the dynamic regulation of the bone tissue remodeling,"* Basically,
these skeletal cells support bone remodeling by three distinct pro-
cesses: (1) osteoclastogenesis, which consists in the removal of old or
damage bone tissue by osteoclasts, (2) osteogenesis, the subsequent
new bone formation by osteoblasts, and (3) the regulation of osteo-
clast/osteoblast activities by osteocytes to maintain the balance
between bone resorption and bone formation.'*

Despite skeletal cells, the bone microenvironment is also rich
into multipotent stem cells, namely, mesenchymal stem cells (MSCs)
and hematopoietic stem cells (HSCs)"” [Fig. 1(b)]. While MSCs are
known for their capacity to differentiate into osteoblasts, adipocytes,
chondrocytes, and fibroblasts,"* HSCs give rise to lymphoid and mye-
loid lineage cells, including osteoclasts in a process called
hematopoiesis.'”

Remarkably, endothelial cells (ECs) are the most common
mature cells found in the bone microenvironment.'® In a close cellular
crosstalk between skeletal, stem cells, and ECs, these are the key cells
that are responsible for maintaining bone homeostasis, regeneration,
and restoration in the case of bone damage.19 Furthermore, recent
data have shown that immune cells, namely, monocytes, macrophages,

Bone microenvironment composition

ECs Iayer —mms Fibroblast \Soluble factors
Trabt:)encglar .. . MSC )/" (@) Chondrocyte o
Neural 3 H . o ° :
inputs T-cell <. ‘w* ) . z % Sy .Neutrophll
. HSC Leo e J \(:\ Adipocyte ;7 o e N
Vasculature Bcell 0/« @ T Monogytss Fes W Lmebocye
ulatu cell ~a yte o Pre-osteoblast .

Osteoclast l

Macrophage
~a

Osteoblast
Osteocyte

@ -

Extracellular matrix

FIG. 1. Simplified representation of the bone microenvironment: from architecture to composition. (a) Long bones have a distinct hierarchical tissue organization. Histologically,
bone is subdivided into (1) trabecular bone, (2) bone marrow, (3) cortical bone, (4) periosteum, and (5) cartilage. Differences in their composition, density, and porosity give the
bone distinct mechanical and regenerative properties. (b) The bone microenvironment has a dynamic composition characterized by an orchestrated interaction between cellular
components (skeletal cells, stem cells, vascular cells, immune cells, and nerve cells) and noncellular components (e.g., extracellular matrix, soluble signals, and vascular net-
works). ECs (endothelial cells), HSC (hematopoietic stem cells), and MSC (mesenchymal stem cells).
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neutrophils, dendritic cells, natural killer cells, and B and T lympho-
cyte subsets, closely interact with skeletal cells in a so-called osteo-
immune microenvironment.”””" Despite the direct role of immune
cells in the response to infection, inflammation, and tumor initiation
or progression, accumulating evidence has demonstrated that these
cells also play a critical role in the regulation of osteogenesis and
0steoclastogenesis.22

In addition to cellular components, bone microenvironment is
also enriched by several noncellular elements, namely, extracellular
matrix (ECM), soluble factors, and vascular networks. The ECM com-
ponents consist of inorganic (=60%) and organic elements (£40%).”
While the inorganic phase of bone is composed of minerals, i.e., cal-
cium and phosphate in the form of hydroxyapatite (HA) crystals, the
organic part is comprised of collagen type I (£90%) and noncollagen
proteins (+10%).”>”* In general, the ECM components secreted by
cells into the bone microenvironment at the extracellular space, most
notably HA crystals, collagen type I, III, and IV, fibronectin, laminin,
osteopontin, osteonectin, and osteocalcin, provide tissue mineraliza-
tion, integrity, elasticity as well as stem cell regulation and bone
turnover.” > The transmission of biochemical and mechanical stim-
uli by HA cues, namely, the effect of HA crystals on elastic modulus/
hardness/deformity and the release of calcium and phosphate ions
affect the behavior of stem cells, plays a critical role in the regulation of
osteogenesis.”

Furthermore, several soluble molecules, i.e., cytokines, chemo-
kines, and growth factors, have crucial roles in the cell signaling activ-
ity within bone inter-space.””*®

All these components that include a multiphenotypic cellular
phase, an inorganic/organic (ECM) phase, soluble factor phase, and
the vascular network provide a highly dynamic bone microenviron-
ment [Fig. 1(b)]. Although its exact composition differs based on sex,
age, and health conditions, orchestrated interactions of the compo-
nents are essential for the maintenance of bone architecture (mass/
functionality) and during repair.”* Consequently, dysregulation in
such composition and interactions have been correlated with meta-
bolic bone disorders (e.g., osteoporosis and osteopetrosis), tumor initi-
ation/progression, and a decrease in the regenerative capacity in the
case of severe bone fractures.”’

Currently, the bone microenvironment (i.e., its structure, compo-
nents, and interactions) has been extensively explored as a potential
therapeutic tool to control, modulate, and improve the bone’s regener-
ative capacity. For that, a deeper understanding of the bone microenvi-
ronment during the repair process has facilitated the identification of
key players involved in such a coordinated mechanism.

For example, it is known that after a bone fracture, a sequence of
events occurs at the injured tissue, namely, skeletal integrity loss, bone
vasculature disruption, hematoma formation, and inflammation."
Locally, the bone regenerative mechanisms are activated in a set of
finely coordinate processes. Succinctly, these mechanisms are divided
into three main stages: (1) resolution of inflammation, (2) bone heal-
ing, and (3) bone remodeling.”®

For the resolution of inflammation, immune cells (monocytes,
macrophages, neutrophils, granulocytes, and lymphocytes) play the
most important role at this stage." Cytokines with synergistic or antag-
onistic effects are secreted in a spatiotemporal manner to overcome
the inflammatory phase. At the same time, immune cells also (i)
recruit ECs to participate in the formation of new blood vessels, (ii)

REVIEW scitation.org/journal/apb

recruit and promote fibroblast proliferation to induce fibrosis of the
fibrin clot, and (iii) recruit MSCs regulating their proliferation and
osteogenic differentiation.”® Gradually, macrophages transform from
MIl-type polarization to M2, secreting anti-inflammatory cytokines
and modulating the local bone microenvironment in favor of a pro-
regenerative state.”’

In the next stage, MSCs are stimulated by cytokines and hypoxic
conditions to proliferate and differentiate into osteogenic cells. In this
phase, the bone healing mechanisms may occur via an intramembra-
nous or endochondral pathway, depending on the bone anatomical
position, size, and vascular supply. While intramembranous ossifica-
tion occurs directly by the differentiation of MSCs into osteoblasts,
endochondral ossification is an indirect mechanism mediated via
MSC:s differentiation into chondrocytes and subsequent replacement
of the cartilaginous template by new bone tissue.”””’ Herein, along the
mesenchymal differentiation process into osteoblasts or chondrocytes,
nonmineralized and mineralized matrices are secreted by the cells. In
the last phase of bone healing, the bone is restored to its original shape
and mechanical properties by the bone remodeling mechanism. This
stage is supported by the crosstalk between osteoblasts and osteoclasts
to provide the appropriate architecture and functionality to the new
bone by orchestrating relative bone formation and resorption
activities.

In summary, the current knowledge about the bone microenvi-
ronment and its native reparative properties has been used to artifi-
cially simulate how its components orchestrate the regenerative
mechanisms.

lll. BIOENGINEERED BONE MICROENVIRONMENT-
BASED STRATEGIES: FROM SIMPLEST TO HIGHLY
COMPLEX APPROACHES

The challenge of the reconstructive surgery to repair large bone
fracture and defects has inspired the development of numerous
in vitro constructs designed to stimulate regeneration and healing in
vivo.”"** To give a practical contribution to this issue, a deeper knowl-
edge of the bone microenvironment can provide tools to modulate
and control the bone regenerative capacity. To this end, several strate-
gies based on the understanding of the bone microenvironment have
been proposed.””” ** Taking into consideration the bone tissue com-
plexity, we highlight strategies that recapitulate specific bone proper-
ties, namely, its (i) architecture, (ii) composition, (iii) bone healing
mechanisms, (iv) bone vasculature network, and (v) the osteo-
immune microenvironment [Fig. 2(a)].

From simplest to complex, strategies usually combine numerous
components of the well-known tissue engineering (TE) triad (cells,
bioactive signals, and biomaterials) [Fig. 2(b)]. The concept of
“simple” is correlated with the capacity of single triad components
guide the regenerative bioperformance at the injury site. For example,
biomaterials with tunable biophysical and biochemical characteristics
have been fabricated to facilitate the attachment and migration of host
stem and progenitor cells, drive the differentiation of these cells into
bone tissue-specific cell types, and/or modulate the local immune
response in a favor to a pro-regenerative state.”'” In contrast, complex
strategies, also known as “hybrid systems,” combine several compo-
nents, ie., cellular/noncellular elements, biomaterials, technologies,
and different culture systems, to recreate biologically relevant
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FIG. 2. Schematic representation of the most common components used to recapitulate the bone microenvironments under in vitro conditions and its potential applications. (a)
Simple and complex strategies have been proposed to mimic the bone architecture, the composition, the bone healing mechanisms, the vascular network, and the osteo-
immune microenvironment. (b) The strategies combine different elements, i.e., cellular and noncellular components, biomaterials, technologies, and culture systems. (c) The
development of bioengineered bone microenvironments can be divided into cell-rich (e.g., scaffold-free and cell-sheets), closed hybrid systems (e.g., scaffolds, hydrogels, and
liquefied capsules), and open hybrid systems (e.g., porous scaffolds, particles, fibers, or membranes). (d) Three-dimensional (3D) constructs resembling the in vivo bone com-
plexity can find a wide range of applications. They can be used as platforms for basic biology research, drug screening for bone pathologies, as alternative to minimize animal

experimentation, and as potential regenerative therapy.

constructs with ability to recapitulate the native bone microenviron-
ment as close as possible.”**

These BTE approaches provide the advantage of investigating
diverse components of the bone microenvironment as well as their
synergic interactions, trying to clarify a cascade of coordinated events
in which the bone regeneration process involves. In this sense, a wide
range of bioengineered bone microenvironments have been developed
to provide appropriate cell adhesion sites and positively influence cells
to self-organize into hierarchical structures. Briefly, 3D bone con-
structs are further divided into cell-rich (e.g., scaffold-free and cell-
sheets), closed hybrid systems, and open hybrid systems [Fig. 2(c)].
While closed systems encapsulate cells in 3D structures which do not
allow direct cellular contact with the external environment (e.g, cells
seeded in scaffolds, hydrogels, and liquefied capsules), open systems

allow a direct cellular contact with the external environment (e.g., cells
seeded at the surface of porous scaffolds, particles, fibers, or mem-
branes). The bioperformance of such bioengineered bone microenvir-
onments will be discussed in detail along the text.

Overall, the development of such strategies has been useful not
only to understand straightforward basic aspects of the native bone tis-
sue, but also for the design of innovative strategies with high biological
complexity. Of note, the fabrication of miniaturized bone platforms
may also find a broad of applications, ranging from basic platforms for
bone biology investigation to potential clinical use [Fig. 2(d)].

A. Mimicking the bone architecture

Bone architecture and function are maintained by a homeostatic
load-adaptive remodeling. The constant bone remodeling is influenced
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by genetic, environmental factors, age, and bone pathological condi-
tions.”® In addition, mechanical loading generated by physical activity
or diminished by inactivity/obesity also exert potent effects on bone
homeostasis. These factors influence the continuous bone formation/
resorption mechanisms and determine whether the bone remodeling
promotes gain or loss of bone mass.”

The different bone tissues are anatomically arranged to accom-
modate stress demands (i.e., force/area) and strain demands (i.e., origi-
nal shape deformation) applied to the skeleton under different
stimulus.” In fact, the multiscale bone architecture and the mechanical
loading have inspired researchers to design microenvironments, which
capture essential characteristics of the bone tissue microenvironment
from its macro- to nanostructure. While simple strategies have recapit-
ulated basic aspects of the bone tissues, complex approaches have
incorporated hierarchical structures, namely, Haversian channels,
Volkmann-like channels, and osteon-mimetic structures to mimic
the native architecture of the bone as closely as possible. To this
end, 3D and 4D bioprinting technologies have become attractive
bottom-up alternatives to scaffolds prepared via conventional top-
down methods.”® Such technologies have recreated the bone
microenvironment with customized structures, namely, shape,
macro/micro/nanostructure, porosity, channels, wettability, and
mechanical strength with ability to control and/or modulate bone
resident cells behavior.””**”

Of note, biomimetic strategies have attracted much attention to
construct osseous architectures with superior performance for bone
replacement. While the regenerative properties of the cortical bone are
quite limited, special attention should be given to the trabecular bone
and periosteum due to their superior remodeling capacity. Taking into
consideration that 80% of the bone remodeling processes occur in the
trabecular bone, biomimetic strategies that effectively recapitulate such
mechanism should be a priority during the design of bone-
regenerative approaches. For example, a bone-mimicking bioceramic
scaffold fabricated by digital laser processing (DLP)-based 3D bio-
printing technology was seeded with MSCs into the trabecular bone
portion of the scaffold.”” In contrast, ECs and Schwann cells were
seeded on Haversian channels, under controlled compressive strength
and porosity. The biomimetic recapitulation of the trabecular bone
microstructure combined with key bone resident cells showed a signif-
icant improvement of osteogenic, angiogenic, and neurogenic proper-
ties. Interestingly, after implantation in femoral bone defects of
rabbits, a considerable amount of new bone formation and blood ves-
sel ingrowth were observed in the coculture scaffold compared to the
monoculture scaffold and the cell-free scaffold. These results empha-
size the ability of the transplanted coculture cells to self-organize and
orchestrate a bone formation mechanism in a bone defect. However,
there is no information about osteoclastogenesis activity or how this
could influence the bone formation process.

The design of bone-specific personalized shapes and structures
should provide not only biomimetic physical factors for the trans-
planted cells, but also a favorable biomechanical environment for both
transplanted and native cells to promote an efficient bone remodeling.
Instead of excessive attempts to recapitulate the anatomical architec-
ture of bone at all different length scales in tissue engineering con-
structs, future strategies should strive to provide the right signals for
the multicellular colonization orchestrate the well-balanced actions of
bone remodeling with ability to coordinate bone formation/resorption,

REVIEW scitation.org/journal/apb

a physiological mechanism that generates sophisticated bone micro-
architecture and effectively restore bone function.

B. Mimicking the bone microenvironment
composition

Substantial efforts have been made to mimic the native bone
composition to exploit the ability of the cellular and noncellular com-
ponents to self-organize and interact with each other. To this end,
researchers have taken inspiration from (i) the capability of stem cells
[e.g, MSCs and adipose-derived stem cells (ASCs)] to differentiate
into osteogenic lineage cells,”” "’ (ii) the crosstalk between osteoblasts
and osteoclasts to understand their key role during the remodeling
process,””*" (iii) the capacity of cytokines and/or growth factors as bio-
chemical signals to stimulate bone regeneration,’” and (iv) the impor-
tance of the ECM components for bone mineralization during the
process of new bone formation and healing.”***

1. Biomimetic environment: Bone cellular composition

To mimic the cellular composition of the bone microenviron-
ment, strategies have used a combination of mono-/coculture seeded
in different matrices and maintained in (1) indirect co-culture or (2)
direct culture under static conditions.”"*>** Herein, the focus is to
exploit and understand basic mechanisms that control and improve
cell adhesion, proliferation, differentiation, ECM deposition, and the
paracrine cell signaling during bone formation and repair. While most
of the biomimetic strategies maintained under static condition reveal a
plethora of components and properties found in the native bone
microenvironment, they fail to recapitulate the dynamic nature of the
bone microenvironment. The depletion of nutrients and oxygen, the
incomplete removal of waste products at the interior of the matrices,
and the formation of a necrotic core at prolonged culture have been
reported as main disadvantages of using static systems."”

To solve these issues, the combination of conventional matrices
in dynamic systems promotes (i) the circulation of nutrients and oxy-
gen, (ii) the removal of waste products, and (iii) a better biophysical
stimulus for cell-driven differentiation. Compared to static systems,
dynamic approaches provide 3D constructs with higher biological
complexity,” a promising strategy to recapitulate more accurately the
bone microenvironment composition under in vitro conditions. In
this sense, a variety of bioencapsulation strategies under dynamic sys-
tems have been designed.”*"* For example, ASCs and osteoblasts were
co-encapsulated with surface functionalized microparticles in liquefied
microcapsules cultured in spinner flasks.” While the liquefied environ-
ment allowed cells to self-organize, the dynamic environment success-
fully promoted an in vitro bone-like tissue formation with a
mineralized and more organized ECM deposition compared to the
static system. The continuous diffusion of essential nutrients empha-
sizes the efficiency of the dynamic system to support cell proliferation,
cell-intercommunication, and cell-driven differentiation. We antici-
pate that this tunable platform might be an exciting strategy to recapit-
ulate the heterogeneity of the bone microenvironment and to exploit
key components responsible for bone formation, regeneration, and
healing. To this end, increasing the cellular complexity and/or the
combination with multiple signaling cues or bioinstructive biomateri-
als in a regulated manner could recapitulate a multifaceted bone-
related microenvironment under in vitro conditions.
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Regarding the cellular diversity of the bone microenvironment,
tri-coculture approaches in dynamic systems have emerged as an
advanced strategy to bioengineer part of the multiphenotypic microen-
vironment. For example, osteoblasts/osteoclasts/endothelial cells
seeded in the porous ceramic scaffold in a perfusion-based bioreactor
were able not only to mimic the ECM remodeling components but
also showed characteristics of an accelerated in vitro bone formation,
showing the presence of bone sialoprotein, matrix deposition (by C-
terminus procollagen-I propeptides), resorption (by N-terminus colla-
gen-I telopeptides and phosphate levels), and osteoclastic activity (by
TRAP-5b).”” After subcutaneous implantation in rodents, the engi-
neered bone-microenvironment promoted a humanized bone-like tis-
sue formation with localized blood vessels. Although promising results
were obtained from this approach, this and similar works did not
report in detail key fluid flow parameters inside the matrices, which
may influence the shear stress, an essential characteristic for cell
behavior in terms of cell attachment, migration, proliferation, and dif-
ferentiation.””” However, most of tri-coculture approaches in dynamic
systems should also exploit the viability of the transplanted cells, the
immune response around the implant as well as the rate of the scaf-
fold/hydrogel degradation over time.

Despite the emergence of successful approaches to recreate the
bone microenvironment based on its composition, numerous strate-
gies do not capture the synchronized activity of the cellular and non-
cellular components as well as the intricate cell signaling (autocrine
and paracrine interactions) during bone tissue formation, regenera-
tion, and healing. In addition, when translated to in vivo, most of the
3D constructs are implanted in ectopic sites, which significantly differ
from the osseous microenvironment of orthotopic applications.

2. Biomimetic environment: Bone ECM components

Despite its multicellular composition, the bone microenviron-
ment is also rich into extracellular matrix, i.e., inorganic and organic
components. While the inorganic components consist of a mineral
part consisting of hydroxyapatite (HA) crystals, the organic compo-
nents mainly consist of collagen and noncollagenous proteins.”
Inspired by the importance of the bone microenvironment structure
and functionality,”** strategies have proposed ECM-biomimetic envi-
ronments to optimize the osteogenic, chondrogenic, and angiogenic
potentials of the ECM components.””**

From synthetic or natural materials, HA, collagen, and fibronec-
tin have been commonly used for the preparation of ECM-based
scaffolds/hydrogels.'>****" For example, a bioinspired scaffold
containing HA-silica core-shell nanorods seeded with MSCs and ECs
promoted osteogenic differentiation in vitro.”" When translated to
in vivo conditions, studies in the chicken chorioallantoic membrane
demonstrated good biocompatibility and vascularization potential.
Beyond that, after implantation in femoral rat defects, this nanocom-
posite scaffold was able to induce new bone formation accompanied
by the degradation of the material. Likewise, collagen scaffolds seeded
with human dental pulp stem cells (DPSCs) and implanted in critical-
size rat calvarial defects significantly promoted new bone formation
compared to untreated defects.”” Interestingly, the bone defect repair
was correlated with the expression of osteogenic alkaline phosphatase
(ALP) and secretion of type I collagen, indicative of osteogenic differ-
entiation and tissue mineralization. Although ECM biomimetic
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environments have demonstrated biocompatible/biodegradable prop-
erties and the ability to promote osteogenic differentiation, both
in vitro and in vivo, the effect of the ECM components in the bone
remodeling process should also be considered, namely, for orthotopic
applications.

In this sense, ECM-based biomimetic strategies have been
designed to clarify the role of the ECM, not only for bone formation
but also for bone remodeling. For example, a direct co-culture of
osteoblasts and osteoclasts in a hydroxyapatite scaffold cultured under
a static system mimicked the complex bone-building and -resorbing
activities of these cells, similar to their in vivo state.’ When translated
to in vivo conditions, this bioengineered strategy promoted mature
bone-like tissue formation after subcutaneous implantation in rodents.
These findings emphasize that ECM components have the ability to
promote bone formation and remodeling by regulating the bone resi-
dent cells behavior through biochemical, biophysical, and mechanical
cues.”

Although ECM-biomimetic scaffolds based on different ECM
components can improve bone defect repair, they fail to recapitulate
the native ECM diversity, its intricate network, and interactions. To
overcome these limitations, decellularized ECM scaffolds have the
advantage of maintaining the native ECM components, providing the
original microarchitecture, bioactivity, and the flexibility of the bone
microenvironment.”*”* This strategy gives mechanical support for
bone resident cells and directly affect migration, elongation, prolifera-
tion, and cell fate."” Decellularized ECM scaffolds facilitate the recruit-
ment and differentiation of host cells with instructive niches for tissue
regeneration.”’ Nevertheless, a deeper understanding of how the com-
bination of inorganic and organic ECM components effectively pro-
vides a favorable environment for osteogenesis, chondrogenesis,
angiogenesis, and inflammatory modulation should be obtained to
clarify the biological performance of such novel technologies.
Currently, this knowledge has become crucial for the development of
advanced biomedical applications with high similarity to the structural
and functional properties of the native bone microenvironment.

C. Mimicking the native bone healing mechanisms

Based on the native bone healing mechanisms, several
approaches have explored the potential of MSCs to differentiate into
osteoblast or chondrocytes as template for new bone formation.
Herein, miniaturized bone microenvironment constructs not only
should promote the stem cell proliferation and differentiation poten-
tial, but also support the development of an osseous tissue with appro-
priate vascularization and immune response upon implantation.
However, the combination of these regenerative properties in a single
approach remains a challenge.

Stem cells, particularly MSCs, have been intensively explored in
the field of BTE strategies due to their self-renewal, multipotentiality,
anti-inflammatory, ~ immunomodulatory, and  pro-angiogenic
effects.'®** To this end, several signals including biochemical, mechan-
ical, geometrical, and topographical have been used in combination
with MSCs to recapitulate the ossification mechanisms. Traditionally,
simple strategies combine MSCs seeded in conventional matrices with
biochemical factors (e.g, bone morphogenetic proteins) or small
molecular compounds (e.g., dexamethasone, f-glycerophosphate, and
ascorbic acid) to induce osteogenic or chondrogenic differentiation.™
However, the use of soluble factors involves some limitations and risks,
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namely, their short-term bioactivity both in vitro and in vivo. Taking
into consideration the importance of the biochemical factors required
for bone formation and healing, biomaterials with the ability to pro-
vide a localized and controlled release of the bioactive molecules
involved in such processes have been investigated.””™* Interestingly,
strategies able to recapitulate and control its intrinsic signaling on a
spatiotemporal manner could provide a positive influence for bone tis-
sue regeneration after implantation.

Alternatively, the use of advanced biomaterials with tunable fea-
tures has emerged as a strategy to modulate the differentiation of
MSCs and the subsequent bone formation in a more efficient man-
ner.” In turn, biomaterials can be used not only as structural support
for MSCs, but also as bioinstructive templates for osteogenic and
chondrogenic differentiation depending on its composition, geometri-
cal shape, surface topography, and matrix stiffness. For example, sur-
face topography at the nanoscale (ie., roughness, patterns, and
porosity) can promote significant changes in the cytoskeletal organiza-
tion, cell shape, migration, proliferation, and osteogenic differentia-
tion.” Despite the modulation of MSCs behavior in a controllable
manner, these technologies should take in consideration not only the
osteogenic potential of MSCs but also their secretome, a key repertoire
of bioactive molecules with angiogenic and immunomodulatory prop-
erties. The MSCs secretome plays an intrinsic cellular communication
in the native bone microenvironment, which is responsible for the
recruitment, activation, proliferation, and differentiation of bone resi-
dent cells, both in homeostasis and during the bone regenerative pro-
cess.' Herein, the use of advanced biomaterials should also investigate
the MSCs secretome as a potential cell-free therapeutic strategy for
bone formation and repair.

Sophisticated strategies with the ability to recapitulate an in vivo
bone formation under controlled physical and chemical parameters
have been proposed. For example, microfluidic chip platforms have
shown advantages over other 3D cell culture approaches due to the
improved control of physiologic flow velocities, shear stresses, or oxygen
gradients. Of note, on-chip systems such as osteogenesis-on-a-chip,””
bone perivascular-niche-on-a-chip,” and bone-marrow-on-a-chip”’
have been reported. For example, a photocurable scaffold embedded
within a silicone-based polymer seeded with MSCs was placed into a
microfluidic chip for up to three weeks under physiologic flow condi-
tions.”” The bioengineered bone microenvironment successfully recre-
ated a favorable environment for osteogenic differentiation of cells in
comparison to the same culture under static flow. Although these plat-
forms support a more complex organization in a controlled environ-
ment, many microfluidic bone-microenvironment-on-chips do not
consider the shear stress exerted by blood flow, stromal, and immune
cells. Furthermore, the optimization of several parameters that influence
cell fate, including the architecture, nutrient exchange, physical, chemi-
cal, and electrical stimulation, could minimize the experimental variabil-
ity and maximize the performance reproducibility. Despite its
operational complexity, the ability of this strategy to synchronize multi-
ple cells with biochemical and physical cues in a regulated manner can
provide unprecedent insights into the ossification mechanisms, both in
health and in pathological conditions.

D. Mimicking the bone vasculature network

With a typically stratified organization, the bone vasculature is an
intricate network of endothelial cells (ECs) layers regulated by
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numerous bone resident cells, namely, osteoblasts, MSCs, HSCs, peri-
vascular cells, and immune and nerve cells.”® The vasculature is of fun-
damental importance for bone homeostasis and during fracture repair
due to its delivery of oxygen and nutrients, removal of waste products,
and its key role in the recruitment and regulation of reparative cells to
the injured site.”” In the case of large bone fractures/defects, the vascu-
lar network is usually disrupted that creates a local hypoxic environ-
ment and complicates or even impairs the natural process of bone
tissue regeneration and healing.”’ This highlights the imperative role
of vascularization during the various steps in bone healing.
Consequently, the development of 3D approaches with re-
vascularization potential is still a top priority for BTE strategies. To
develop vascular microstructures resembling the in vivo microenviron-
ment, extensive investigation has been dedicated to this field during
the past decades.

Conventional strategies combine monoculture of ECs or cocul-
ture of ECs with bone resident cells seeded in traditional scaffolds/
hydrogels, in the presence or absence of pro-angiogenic factors
(Fig. 3). Herein, coculture systems seem to be more appropriate
approaches compared to the monoculture, due the secretion of essen-
tial biomolecules by the bone supportive cells during the development
and stabilization of the microvessels.”” However, despite the establish-
ment of essential adhesion sites, cell-cell, and cell-ECM interactions,
most of these approaches do not precisely give the support to the
encapsulated cells to form and maintain a vascular network inside the
3D construct, both in vitro and in vivo.

To overcome these shortcomings, sophisticated strategies,
namely, the use of biomaterials with micro/nanostructures, different
porosity, matrix stiffness, topography, tubular structures, and con-
trolled release of specific biological factors, have received special atten-
tion due to their critical influence on ECs behavior and angiogenic
potential.”**" For example, a coculture of human umbilical endothelial
cells (HUVECs) and MSCs was seeded in a 3D printed biodegradable
polycaprolactone (PCL) scaffold with controlled released of deferox-
amine (DFO), a well-known hypoxia-mimic compound that stimu-
lates angiogenesis, both in vitro and in vivo.”* The recapitulation of the
hypoxic bone microenvironment by this biofunctional scaffold
induced abundant formation of vascular patterns accompanied by
deposition of mineralized matrix and osteogenic differentiation. After
implantation in a rat femur defect, the engineered construct promoted
a rapid vascular invasion with subsequent osteointegration. These
results emphasize that advanced biomaterials can provide localized
angiogenic stimulation in a spatially and temporally controlled man-
ner, which surpasses the exogenous administration of soluble pro-
angiogenic factors. However, key parameters correlated with the inte-
gration of the pre-vasculature network to the host as well as its stability
and functionality over time need to be addressed. In addition, bioma-
terials with controlled features (e.g., topographical/geometrical pattern
and pores) significantly influence the endothelial orientation, prolifera-
tion, and migration during the formation of a microvascular network
under in vitro conditions.”” Interestingly, this suggests that the combi-
nation of biochemical and biophysical cues with coculture of ECs and
bone resident cells contribute to achieve a better formation, matura-
tion, and stabilization of the microvessels under in vitro conditions.

Cell sheet (CS) technology has emerged as an alternative to the
use of scaffolds.”* This powerful approach can recreate a vascularized
bone microenvironment without the need of a scaffold as a support.
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For example, a stratified and hierarchical 3D vascularized network was
developed by magnetically labeling HUVECs and ASCs in a triple CS
conformation with HUVECs between two sheets of ASCs."” The pres-
ence of specific osteogenic and angiogenic factors successfully showed
that this platform supports cell adhesion, proliferation, and cell-
intercommunication able to mediate deposition of mineralized matrix
and formation of a stratified bone microtissue under in vitro condi-
tions. Furthermore, its implantation in chick chorioallantoic mem-
brane (CAM) showed not only an organized cell capillary-like
structure but also the integration of human cells in the chick vascula-
ture. These results demonstrate the potential of this kind of technology
to create easily multicellular, robust, and reproducible constructs for
BTE purposes, but limitations concerning the technology’s perfor-
mance into recapitulating the diversity of the bone microenvironment
need to be addressed. Moreover, it is still unknown if such engineered
construct promotes in vivo vascularized microtissue formation or if it
could be necessary to incorporate biochemical/biophysical cues pro-
vided by biomaterials, necessary for the formation of a functional bone
microvasculature.

Advanced strategies, for example microfluidic technologies, have
been extensively explored as a powerful tool to mimic both vasculo-
genesis and angiogenesis under in vitro conditions.””** These plat-
forms use different matrices in specific areas of the chip with two
channels that allow ECs or endothelial progenitor cells (EPCs) to form
a microvasculature. Compared to standard 3D approaches, this tech-
nology provides a more accurate recapitulation of the native bone

vasculature. For example, a functional human tri-coculture (ECs, bone
marrow-derived MSCs, and breast cancer cells) within a 3D native
bone matrix successfully recapitulated a humanized bone perivascular
niche-on-a-chip.” Under controlled fluidic conditions, it was possible
to establish a long-lasting, self-assembled vascular network without
angiogenic supplementation. The MSCs assumed phenotypical transi-
tion toward perivascular cells, which supported capillary-like struc-
tures lining the vascular lumen. However, it is not clear if angiogenesis
was optimally promoted by the controlled conditions or by cell-cell
interactions. Of note, despite its difficult handling, the standardization,
and scale-up for BTE applications, this type of technology becomes a
powerful tool to exploit several parameters involved in the bone regen-
erative process. For example, the role of pro- and anti-inflammatory
stimulation in the formation of vascular network is a field still poorly
explored. Additionally, by increasing its complexity by introducing
representative bone resident cells, this technology has great potential
to be used for drug toxicology tests, with the advantage of reducing
animal experimentation.

The recreation of a stable and functional vascular network under
in vitro conditions with the ability to maintain its post-implantation
properties continues to be a challenging arena. It is expected that
promising approaches may focus on combining different properties of
the biomaterials to provide a favorable re-vascularization environment
for both transplanted and bone resident cells. For that, critical parame-
ters for suitable stimulation of microvessel formation, stabilization,
and functionalization need to be improved.
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E. Mimicking the osteo-immune microenvironment

Despite the presence of osteolineage cells, the bone microenvi-
ronment is the largest reservoir of hematopoietic stem cells (HSCs),
lymphoid/myeloid progenitors, and several mature immune cells, i.e.,
monocytes, macrophages, dendritic cells, natural killer cells, and B and
T lymphocytes.”’ These cells interact with bone and bone marrow cells
in a synchronized activity responsible by the regulation of osteogene-
sis, osteoclastogenesis, infection, inflammation, and anti-tumor
response.”” In the last few years, the in-depth understanding of the
osteo-immune microenvironment, namely, its main cell key players
and interactions, has been considered as crucial for the development
of innovative regenerative medicine therapies.

In this sense, bioengineered bone microenvironments have tried
to focus not only on direct osteogenesis but also to provide a favorable
immune response to support the implant integration.””** Among vari-
ous immune cells, macrophages have received special attention by
their relevant role in the osteo-immune regulation. Briefly, the secre-
tion of cytokines by macrophages recruits other immune cells that ini-
tiate a foreign body reaction, inflammatory modulation, and
subsequent bone regeneration and healing.”®

Given such importance, many strategies have recapitulated the
modulation of the macrophage polarization in a favor to a pro-
regenerative type-2 phenotype (M2) to create an ideal environment
for osteogenesis.”***”"” Simple approaches have focused on the inter-
action between biomaterials and cells, namely, (i) immune cells, (ii)
bone cells, and (iii) stem cells.””” Findings have shown that while tra-
ditional biomaterials are correlated with a macrophage M1 polariza-
tion (pro-inflammatory) and several adverse immunogenic host
reactions,”” advanced biomaterials provide bioinstructive signals able
to modulate the immune response for an anti-inflammatory state.””
These results encourage the design of a next generation of BTE strate-
gies, which explore biomaterials to effectively provide an appropriate
modulation of the local immune system in response to the implant.

Of note, some strategies have explored the in vivo immune
response upon 3D construct implantation without any transplanted
cells.”*”” For example, a subcutaneous implantation in mice of a con-
ventional polycaprolactone (PCL) scaffold and a printed hierarchically
structured (“microchanneled”) PCL scaffold showed that while the
first one was significantly colonized by activated M1 macrophages, the
printed scaffold promoted the recruitment, infiltration, colonization of
neutrophils, and M2 macrophages around the implant.”” The modula-
tion of the osteo-immune microenvironment around the printed scaf-
fold was also correlated with stem cells homing, and significant release
of pro-angiogenic factors when compared to the conventional con-
struct. Such findings demonstrate that the use of microtechnologies
can, in general, be useful as a simple strategy to modulate the local
in vivo bone microenvironment in favor to a pro-regenerative state.

Likewise, micro- and nano-topography have great potential to
modulate not only stem cells differentiation and endothelial behavior,
as reported above, but also the macrophage behavior and its polariza-
tion state.”® For example, alumina membranes with a highly ordered
nanoporous surface containing pores of different size seeded with
macrophages and MSCs showed important adhesive cues for macro-
phages, affecting their spreading and cell shape.”” The nanotopogra-
phy induced a macrophage modulation to a M2 phenotype with a
significant inhibitory effect on osteoclastic activity and increased the
release of osteogenic factors, creating an ideal in vitro environment for
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new bone tissue formation and regeneration. Although macrophage
modulation is clearly associated with nanotopography-mediated oste-
ogenesis under in vitro conditions, it could be also interesting to
explore the in vivo biological competency of the nanomaterial, alone
and in combination with transplanted cells.

Though many biomimetic-osteo-immune approaches have been
proposed with interesting findings,"”*"’*’® most of them is not yet
translated into in vivo models. For example, two chemically and tex-
turally different calcium phosphate substrates, namely, a biomimetic
calcium deficient hydroxyapatite (CDHA) and a sintered f-tricalcium
phosphate (f-TCP), were used to investigate the behavior of macro-
phages.”” The B-TCP significantly reduced the release of pro-
inflammatory  cytokines compared to biomimetic CDHA.
Nonetheless, the microenvironment created after co-culturing MSCs
in the macrophages conditioned medium on CDHA showed a potent
osteogenic effect. This observation reinforces the idea that osteogenic
differentiation may be influenced not only by the nature of biomateri-
als but also by the local inflammatory environment. However, several
exploratory strategies are necessary to understand how different fea-
tures of biomaterials impact the release of pro- or anti-inflammatory
cytokines by macrophages and their osteogenic, osteoclastogenic, and
vasculogenic properties.

Considering that not only macrophages but also neutrophils are
the first-line cells in contact with the 3D construct upon implantation,
the strategies should also intensively explore the neutrophil biology
on the context of osteogenesis and clarify its direct/indirect influence
on the differentiation of monocytes into macrophages. In vitro strate-
gies that diversify the cellular components of the osteo-immune
microenvironment to understand the host responses under different
stimulus should be considered. For example, the addition of hemato-
poietic stem cells (HSCs), neutrophils, dendritic cells (DCs), and B
and T lymphocytes could be investigated. Taking into consideration
that HSCs give rise to both immune cells and osteoclasts,'” it becomes
necessary to explore the HSC behavior, cell fate, and its therapeutic
potential in bone regeneration. These exploratory studies could clarify
how HSCs influence the host immune response during homeostasis
and the bone regeneration process. In addition to that, neutrophils,
DCs, and B and T lymphocytes are also key components of the bone
microenvironment, but have been poorly explored in the field of
osteo-immune strategies with a focus on bone repair. Herein, liquefied
capsules and microfluidic technologies may provide promising explor-
atory osteo-immune platforms as they are able to compartmentalize
nonadherent cells together with adherent cells and biomaterials.”**""

Opverall, the recapitulation of the osteo-immune microenviron-
ment highlights the importance of the crosstalk between immune cells,
osteolineage cells, and stem cells during bone repair. However, a
deeper understanding of the underlying synergic regulation in such
environment is crucial for the design of new immunomodulatory
strategies with ability to create an ideal pro-regenerative environment
for bone regeneration.

IV. CONCLUSION AND FUTURE PERSPECTIVES

The design of bioengineered bone microenvironments with high
biological complexity and osteo-regenerative properties (e.g., osteo-
genic, vasculogenic, and immunomodulatory) remains a challenge in
the field of tissue engineering. However, the findings herein discussed
emphasize that the recreation of an ideal environment for bone
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formation/resorption and regeneration involves a broad of parameters
adequately combined in a coordinated manner.

In fact, while several strategies have demonstrated efficient
in vitro cellular self-organization and regenerative properties, the
capacity of cells to form new bone tissue and the host osteo-
integration is usually lost with time, namely, due to poor vasculariza-
tion and/or a pro-inflammatory immune response around the
implant. To overcome these disadvantages, alternatives to improve
these two mechanisms before, during, or after the 3D construct
implantation should be considered and implemented.

Regarding in vivo transplantation of the bioengineered bone
microenvironments, the subcutaneous microenvironment does not
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represent the biological complexity of the bone fracture/defects, which
emphasizes the importance of orthotopic instead of ectopic implanta-
tion to evaluate bone healing parameters. To this end, standardization,
safety evaluation, reproducibility, quality control, and ethical issues are
still tasks that need to be overtaken to facilitate the use of orthotopic
implants as well as its translation into human clinical trials.

In summary, significant advances have been made over the last
few years envisioning the improvement of bone regeneration strategies
through the recapitulation of the bone microenvironment. The devel-
opment of such miniaturized platforms may be an attractive option
for bone tissue engineering as they offer small units that able to be
implanted with minimal invasive procedure or be assembled in higher
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FIG. 4. Intrinsic correlation between the process complexity of the bioengineered bone microenvironment and its translational potential. Simple and advanced strategies have
been proposed to recapitulate the bone microenvironment. While the first one approach has shown an elevated translation potential, the incorporation of several elements
(e.g., biomaterials, cellular and noncellular components, different approaches, technologies, and culture systems) has limited the translational potential of the second approach.
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scale-devices with controlled architecture using bottom-up procedures.
Promising approaches involve biological, biochemical, and biophysical
cues combined in a spatial-temporal manner, suitable to orchestrate a
self-regulated new bone formation and regeneration. Although
encouraging results, the level of complexity of such bioengineered plat-
forms is still inversely correlated with human clinical translation
(Fig. 4). To overcome this limitation, significant efforts to achieve
translational requirement parameters (e.g., reproducibility, handling,
manufacturing difficulties, and long-term in vivo response) during the
strategy design need to be considered to facilitate the translation of
strategies at later R&D stages.
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