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Osteon: Structure, Turnover, and Regeneration
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Bone is composed of dense and solid cortical bone and honeycomb-like trabecular bone. Although cortical
bone provides the majority of mechanical strength for a bone, there are few studies focusing on cortical bone
repair or regeneration. Osteons (the Haversian system) form structural and functional units of cortical bone.
In recent years, emerging evidences have shown that the osteon structure (including osteocytes, lamellae,
lacunocanalicular network, and Haversian canals) plays critical roles in bone mechanics and turnover.
Therefore, reconstruction of the osteon structure is crucial for cortical bone regeneration. This article provides
a systematic summary of recent advances in osteons, including the structure, function, turnover, and re-
generative strategies. First, the hierarchical structure of osteons is illustrated and the critical functions of
osteons in bone dynamics are introduced. Next, the modeling and remodeling processes of osteons at a cellular
level and the turnover of osteons in response to mechanical loading and aging are emphasized. Further-
more, several bioengineering approaches that were recently developed to recapitulate the osteon structure are
highlighted.
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Impact Statement

This review provides a comprehensive summary of recent advances in osteons, especially the roles in bone formation,
remodeling, and regeneration. Besides introducing the hierarchical structure and critical functions of osteons, we elucidate
the modeling and remodeling of osteons at a cellular level. Specifically, we highlight the bioengineering approaches that
were recently developed to mimic the hierarchical structure of osteons. We expect that this review will provide informative
insights and attract increasing attentions in orthopedic community, shedding light on cortical bone regeneration in the
future.

Introduction

Bone is a complicated organ that supports various phys-
iological activities and serves multiple functions like

body support, movement facilitation, organ protection, min-
eral and fat storage, and hematopoiesis. Bone loss resulted
from diseases, trauma, tumor, or aging impacts the life qual-
ity and even the survival of an individual. It was reported
that bone grafting represented more than 2 million world-
wide each year, making bone the second most common
transplant tissue.1,2

Although autologous, allogenic, and xenogenic bone
grafts have been proven successful in clinical orthopedic
reconstructive surgeries, they possess drawbacks such as
donor site mobility, potential of immune rejection, or
pathogen transfer.3 Therefore, bone tissue regeneration,
which is capable of eliminating those drawbacks, has be-

come one of the most imperative research topics. The de-
velopment of various bioengineering strategies has greatly
promoted bone regeneration within animal models and in-
spired clinical bone loss remedies.4

Anatomically, bone is composed of dense and solid cor-
tical bone and honeycomb-like trabecular cortical bone.
Cortical bone accounts for *80% of the total bone mass and
performs the major function of bone. Moreover, natural
bone acquires the mechanical strength mainly from cortical
bone. The cortical bone possesses a compressive strength
ranging from 100 to 230 MPa and a Young’s modulus rang-
ing from 10 to 20 GPa, while trabecular bone only reaches
2–12 MPa and 0.01–0.9 GPa, separately.5

Surprisingly, there are few studies aiming at cortical bone
regeneration. Scaffolds used for bone regeneration are
usually designed as porous and interconnected matrices
that exhibit a trabecular bone-resembling morphology. As a
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result, the regenerated bone from the porous scaffolds is tra-
becular bone, and a prolonged remodeling process is needed
before it can bear a normal level of mechanical loading. It was
reported that it took a patient months or even years to com-
plete the remodeling process from the honeycomb-like tra-
becular bone to the compact cortical bone.4

Cortical bone is composed of primary bone and osteons in
large animals and humans. Primary bone locates beneath the
periosteal surface and displays a highly organized parallel-
layered morphology. Indicated by a rapid growth process
that leads to a large mass of new bone deposition on the
existing bone surface,6 primary bone is regarded as a tran-
sient bone form that gradually transforms to osteons, a more
mature type of bone. The characteristic morphology of os-
teons was first observed in the 17th century, and since then,
many aspects of the osteons have been explored, including
the structure, function, evolution, and turnover mechanism.

Osteons are the functional units of cortical bone. Osteons
can be divided into primary osteons and secondary osteons.
Primary osteons are adjacent to the primary bone where
the blood vessels are surrounded by few circular lamellae.
Secondary osteons, also known as the Haversian system,
originate from primary osteons and form the main functional
units of cortical bone. Typically, a secondary osteon pres-
ents a cylinder structure with multiple concentric lamellae
that surround a central Haversian canal. Compared to pri-
mary osteons, secondary osteons are more mature and have
the characteristic concentric structure and evident bound-
aries (cement lines) to separate them from interstitial bone
or neighboring osteons.7 For small animals like rodents,
cortical bone is parallelly aligned8 and only atypical, pri-
mary osteon-like structure can be observed.9

Compared to trabecular bone and primary cortical bone,
osteons perform better physiological functions and dynamic
changes, including load transmission, turnover, and self-
remodeling. Within an osteon, osteocytes and the lacuno-
canalicular network (LCN) sense and transduce mechanical
stress, making the bone responsive to external stimuli. The
concentric lamellae of osteons reduce bone porosity and
function as a rigid shield to resist repetitive mechanical
loading.10 The Haversian canal encompasses blood vessels
and nerve fibers that provide nutrients and sensation to
osteocytes residing within the lamellae. Moreover, the
Haversian canal transports osteoclast and osteoblast pro-
genitor cells to initiate cortical bone remodeling. Surpris-
ingly, the significance of osteons in bone tissue engineering
has not been well acknowledged.

This review provides a summary of osteons regarding
the structure, function, turnover, and regeneration. First, the
hierarchical structure of osteons, particularly the osteon com-
ponents, including osteocytes, LCN, lamellae, and Haversian
canal, are illustrated. In the meantime, the critical functions of
osteons in bone dynamics are emphasized. Next, the modeling
and remodeling of osteons at a cellular level and the turnover of
osteons in response to mechanical loading and aging are sum-
marized. Last, the bioengineering techniques that were recently
developed to mimic the osteon structure are highlighted.

Methods

We thoroughly searched the literatures related to osteon
with the aim to provide an overview of osteon structure,

turnover, and regeneration. The study methodology con-
forms to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses Statement (PRISMA) for sys-
tematic reviews. All articles were searched in the database
PubMed with key words ‘‘osteon,’’ ‘‘Haversian system,’’
‘‘osteocyte,’’ ‘‘osteocyte lacunae,’’ ‘‘osteocyte canaliculi/
canalicular,’’ ‘‘bone lamella/lamellae,’’ ‘‘Haversian canal,’’
‘‘microcracks,’’ and ‘‘osteon-like.’’ Inclusion criteria were
articles published in English before November 2020 de-
scribing the structure, turnover, and regeneration of osteons.
Exclusion criteria were articles describing the application
of osteon structure in anthropology and articles that failed
to provide details. All abstracts of the articles selected were
read, and articles of potential interest were reviewed in
detail by the authors to decide inclusion or exclusion from
this review. Given the heterogeneity of the characteristics
studied in the included articles, a meta-analysis was not
performed (Fig. 1).

Osteon Structure

A secondary osteon has a hierarchical structure that
possesses unique features at three levels. First, an osteon is
composed of collagen fibrils that form the nanofibrous ex-
tracellular matrix (ECM) and apatite crystals that deposit as
mineral lamellae parallel to or around the collagen fibrils.11

Second, the spatial structure of an osteon includes a central
Haversian canal, concentric bone lamellae, orderly aligned
osteocytes within the lamellae, and the LCN that accom-
modates the cell bodies and dendrites of osteocytes. These
components form the featured morphology of an osteon
and determine its critical role in bone. While the gross
morphology of a typical secondary osteon is circular (type I
osteons), other shapes are also observed, including type II
osteons, drifting osteons,12 and double zonal osteons.13

Each morphology type represents a different physiologi-
cal indication that has been widely used to distinguish
species, estimate ages, and assist in various anthropological
studies.

The four components of osteons (osteocytes, LCN,
lamellae, and Haversian canals) set the foundation of the
function of osteons and are introduced in details herein
(Fig. 2).

Osteocytes

Osteocytes are terminally differentiated bone cells that
reside within the mineralized bone matrix. As the most com-
mon cell type in bone and accounting for over 90% of all
bone cells, osteocytes are stellate-shaped cells with a num-
ber of dendrites extending from the cell body. Osteocytes
lined up orderly within osteon lamellae and the longitudinal
cell axes are parallel to the lamellae in which they reside.
The distribution of osteocytes within an osteon is not uni-
form and the density of the osteocyte areal close to the
cement line is the highest. As the distance from the cement
line increases, the osteocyte density decreases and a three-
fold decline has been observed between the cement line and
the Haversian canal.14

Each osteocyte has 50–100 dendrites through which the
cell communicates with neighboring osteocytes within or
across the lamella to form a complex signaling network.
Osteocyte dendrites even penetrate the cement line and
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FIG. 1. The PRISMA flow diagram.

FIG. 2. Illustration of
osteons, showing the spatial
organization of primary
bone, interstitial bone, and
osteons within cortical bone
(left), and the four compo-
nents of a mature secondary
osteon, including osteocytes,
lacunocanalicular network,
lamellae, and Haversian
canal (right).
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anchor to the surrounding interstitial bone, establishing
communications between osteons and interstitial bone ma-
trices.15 In terms of dendrite distribution, osteocytes with
the plasma membrane facing bone surface (vascular mem-
brane) have the highest number of dendrites (vascular den-
drites).16 All three cytoskeletal elements (microfilaments,
microtubules, and intermediate filaments) have been found
in osteocyte dendrites. Microfilaments extend into the whole
length of dendrites and their branches, while microtubules
and intermediate filaments cease at the proximal regions of
the dendrites.17 The integrity of the cytoskeleton network is
a prerequisite to the shape of osteocytes and interruption
of any cytoskeletal element diminishes osteocyte dendrite
formation. The formation of osteocyte dendrites is also reg-
ulated by E11 protein that is specifically expressed on the
cell body and dendrites of embedding osteoid osteocytes.
E11 controls the number and length of osteocyte dendrites,
and the conditional gene knockout of the E11/g38 decreases
the number of osteon canaliculi. Moreover, the expression
level of E11 is regulated by mechanical strains. Conversely,
E11 is responsible for dendrite elongation in response to
mechanical strains both in vivo and in vitro.18

It has been widely acknowledged that osteocytes are a
group of multifunctional cells that dominate many physio-
logical and pathological processes of bone rather than qui-
escent cells that are silently embedded in the bone matrix.
First, osteocytes are the key regulator of bone turnover.19,20

Osteocytes regulate osteoclast-mediated bone absorption by
modulating the RANKL/OPG expression pattern on the
plasma membrane and osteoblast-mediated bone formation
by releasing DKK-1 and sclerostin, two critical inhibitors of
the Wnt/b-catenin pathway. Osteocyte apoptosis caused by
microcracks promotes osteoclast recruitment and activation
by secreting RANKL and releasing inflammatory factors
like TNF-a and interleukins.21,22 Besides, osteocytes have
the capacity to remodel the perilacunar bone matrix directly
through osteocytic osteolysis. During this process, they re-
lease Ca2+ and vATPase to mediate local acidification
and bone matrix demineralization and other enzymes (e.g.,
MMP13, TRAP, and CtsK) to mediate bone proteolytic
degradation.23 Moreover, osteocytes can indirectly partici-
pate in bone turnover by secreting bioactive molecules, such
as prostanoids, nitric oxide, IGF, VEGF, and TGF-b, to
assist the PTH-regulated bone remodeling process. Second,
osteocytes play critical roles in mechanosensation that is
likely to be achieved by sensing the bone fluid flow shear
stress within the LCN. The detailed mechanism of osteocyte
sensation remains controversial,24 but various sites of an
osteocyte, including its dendrites, cell body, primary cilia,25

and cell membrane receptor integrins,26 have been proposed
to be responsible for the sensation. Molecules such as nitric
oxide, ATP, and prostaglandin have been proposed as signal
mediators in this process. Third, osteocytes have endocrine
functions and communicate with kidney by secreting FGF23
that regulates serum phosphorus levels. Osteocytes also
participate in glucose metabolism and fertility by secreting
osteocalcin.27 Fourth, osteocytes are involved in inflamma-
tion28 and immune regulation29 by expressing RANKL/OPG
on cell membrane and releasing inflammatory cytokines.
Fifth, osteocytes participate in energy metabolism by regu-
lating PPARg expression30 and fat metabolism possibly
through the central nervous system.31

Lacunocanalicular network

The space accommodating osteocyte cell bodies (lacunae)
and osteocyte dendrites (canaliculi) within the bone matrix
forms a complicated network called the LCN. The LCN
has an enormous surface area that is *400 times of the
combination of Haversian and Volkmann canals. The high
surface area of the LCN ensures osteocytes to quickly sense
exterior mechanical stress and communicate with neighbor-
ing osteocytes and/or osteoblasts. Within the lacunocanali-
cular space, osteocytes and their dendrites do not directly
contact surrounding bone matrix, instead, a thin layer of
nonmineralized tissue exists between them.32 Thus, osteo-
cytes are able to slightly move within their lacunae and
osteocyte morphologies are not necessarily identical to la-
cuna morphologies.33 Moreover, bone fluid flow has also
been detected within the LCN when mechanical loads are
applied. The fluid flow greatly facilitates osteocyte func-
tions, including nutrient and waste product transportation,
cellular behavior modulation through signaling molecule
exchange, and shear stress generation for mechanosensation.
Meanwhile, osteocyte viability is required for LCN remod-
eling in response to mechanical stress34 and space mainte-
nance by preventing pericellular mineralization.35

Even though the LCN system has been observed for
decades, exploration of this intricate network has just pro-
gressed in recent years owing to the advancement of bioi-
maging and computational modeling techniques.36 For
example, previous efforts to examine the changes of the
LCN (e.g., the density, distribution, volume, diameter, shape,
and lacuna orientation) in response to external stimuli ob-
tained contradictory results because of the differences in
examination methods or sample selections. With the ad-
vancement of the 3D imaging technology, the LCN param-
eters can be re-examined in a much more accurate way.37

Moreover, a novel morphological feature of the LCN called
canalicular junction was recently identified and character-
ized.38 The canalicular junctions are randomly distributed
within the LCN with a density similar to that of osteocyte
lacunae. Even though the mechanism underlying the cana-
licular junction formation remains unclear, detailed obser-
vations have disputed the assumption that they were just
smaller lacunae. Instead, it has been proposed that the can-
alicular junction greatly facilitated liquid mass transport and
bone fluid flow, and therefore may have critical effects on the
mechanosensation and mechanotransduction of osteocytes.

Lamellae

The concentric lamellae are the most distinguishable fea-
ture of osteons. A mature secondary osteon typically has 4–8
layers of lamellae. Under polarized light microscopy, the
lamellae display alternating appearances. Lamellae param-
eters, including thickness,39 collagen orientation,8,40 com-
position41,42 and mineralization level,43 have been proposed
as the reasons leading to the morphological and mechanical
differences between the alternating lamellae. Currently,
there are two theories that emphasize either the alternating
tissue composition or the alternating fiber orientation is the
causative factor.44 While both theories receive increasing
supports with the advancement in technology, no consensus
has been reached since the approaches utilized in different
studies are not comparable.

264 CHANG AND LIU



Cement lines, also known as reversal lines or resorption
lines, underline the exterior boundaries of osteons. These
lines are the characteristic features to distinguish primary
osteons from secondary osteons, and have been described as
thin lines of discontinuity formed by the activity of a basic
multicellular unit (BMU) on resorbed bone surfaces. A ce-
ment line has a thickness of about 1–5mm. The composition
of the cement line has been debated for decades. Previous
studies reported a remarkably higher sulfur, but lower cal-
cium and phosphorus contents in a cement line than the
surrounding bone matrix.45 However, more recent studies
showed that these are indeed hypermineralized regions with
low collagen content.46 Moreover, the level of mineraliza-
tion of the cement line was positively correlated to the level
of osteon mineralization. In addition, the difference in min-
eralization level between the cement lines and osteon la-
mellae decreased with the increase of osteon mineralization,
indicating that the cement line mineralization is dependent
on osteon mineralization and is regulated by aging. In
contrast, the geometry of an osteon, including the distance
of a cement line from its central Haversian canal and the
diameter of the Haversian canal, did not influence the level
of cement line mineralization.47 Cement lines form the in-
terface between interstitial bone and osteons. It was reported
that the interfacial strength of cement lines was significantly
lower than the shear strength of osteon lamellae; thus, de-
bonding is more easy to occur at the cement line.48 Besides,
the mechanical strength of a cement line is different from
that of interstitial bone and osteon lamellae. However,
studies exploring the indentation modulus of cement lines
have reported opposite results; thus, the actual mechanical
strength of cement lines remains ambiguous.49,50

Cement lines have been demonstrated to be an important
structure influencing microcrack propagation of bone owing
to the high mineralization level, distinct mechanical strength,
and specific interfacial location. Numerous studies have
shown that in cortical bone, microcracks form first in the in-
terstitial bone area surrounding the cement line where the
energy of microcracks is partially absorbed.51,52 While the fate
of a microcrack is mainly determined by its inherent energy, it
is also influenced by the capacity of the cement line to absorb
energy when the microcrack hits a cement line. Cement lines
arrest short microcracks, deflect medium-length microcracks,
and alleviate the deleterious effect of long microcracks. The
capacity of a cement line is regulated by the difference of the
toughness between the cement line and the surrounding bone
matrix. Therefore, in aged bone where the mineralization level
difference between the cement line and surrounding bone
matrix is reduced, microcracks are more likely to penetrate
cement lines and propagate for longer distances.47

Haversian canals

Haversian canals are the cylinder space surrounded by the
innermost osteon lamella layer and are parallel to the main
axis of an osteon. Haversian canals contain nerve fibers and
blood vessels and provide nutrients to osteocytes. One or
two blood vessels are usually seen within a Haversian canal.
Studies implied that most of the vessels belong to capillar-
ies, some occasional ones belong to venules, and very few
are arterioles that can be found only on the endosteal surface
of a Haversian canal.53 These vessels are originated from the

endosteal blood vessel network near bone marrow.53 The
distribution and morphological feature of Haversian canals
on the endosteal and periosteal surfaces are different. The
canals are wider and denser, and tend to form a complicated
network on the endosteal side, while they are narrower,
sparser, and less organized on the periosteal side.54

The wall of a Haversian canal, which is also the interior
surface of the innermost lamella, is lined by a layer of flat
cells that are surrounded by the densely packed collagen fiber
bundles.55 The Haversian canal marks the interface where
molecular exchanges between blood circulation and bone
tissue occurs. The Haversian canal is also the site where os-
teon remodeling starts. Volkmann canals are perpendicular to
the main axis of an osteon and connect to Haversian canals.
Volkmann canals are roughly the same size as Haversian
canals, but have fewer numbers.56 Both the inner walls of the
Haversian and Volkmann canals are the sites where BMUs
originate to initiate osteon remodeling.57,58 During the re-
modeling process, osteoclasts drill space for vascular loop
migration and a Haversian canal formation is initiated. As
osteoblasts deposit bone matrix to refill the cavity, vascular
invagination gradually diminishes and the size of the Haver-
sian canal decreases. Therefore, the size and shape of a
Haversian canal are determined by osteoclasts and osteo-
blasts. Moreover, the cross-sectional area and the perimeter of
a Haversian canal are positively correlated to the area of an
osteon and the osteocyte number within the osteon, indicating
that Haversian canals are adaptive to osteocytes.59

Osteon Turnover

Osteons are dynamic units that are responsive to external
stimuli. In this part, the formation and remodeling of osteons
are discussed and possible mechanisms are provided to in-
terpret osteon dynamics. In addition, the changes of osteonal
structure in response to aging are also summarized.

Osteon modeling

Osteon modeling (formation) is observed as early as
6 months after birth in human bones,60 and it occurs
throughout the entire life. Osteon formation occurs follow-
ing the resorption of pre-existing primary bone or primary
osteons. The evolvement significance underlying such a
transition has aroused heated discussions ever since the dis-
covery of the osteon structure and many theories have been
proposed.61 One popular theory states that the osteon struc-
ture is a functional adaptation of bone to bear mechanical
strains.62 Numerous evidences support this theory. For ex-
ample, the long axis of the majority of osteons is oriented
along the direction of the average loading stress and the
density increases with the magnitude and frequency of daily
loads.63 Particularly, the osteon structure is resistant to com-
pressive forces. Within a bovine femoral cortex, the osteons
are largely limited to the posterior area, where the com-
pressive strength is significantly higher compared to that
in the anterior area.64 Moreover, various mechanical tests
(tensile, compression, and bending)63,65,66 and mathematical
models8 have confirmed that osteons play a critical role in
preventing bone fracture. Mechanical stress accumulates
within bone generates microdamage. Within cortical bone,
microdamage is localized within interstitial bone or de-
touring around the osteons that very rarely they penetrated
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the cement lines, indicating that the osteonal structure func-
tions as a microstructural barrier effect that delays plastic
deformation and bone fracture.65 Another theory claims that
osteon modeling is a reparative response to damage. Bone
reparation occurs following bone resorption. In certain con-
ditions, osteon modeling was observed in non-osteonal
bone. For example, secondary osteons are rarely seen in rat
bone. However, when the rat bone was exposed to fatigue
loading and underwent microcrack reparation, osteon for-
mation was observed.67

Osteon remodeling

Osteons are dynamic bony structures and their number,
structure, and activity change over time in response to exter-
nal stimuli. At a cellular level, osteon turnover is achieved
by a functional complex named BMU that mainly comprises
osteoclasts and osteoblasts. Within a remodeling osteon, a
3D pyramid-shaped tunnel with the following structures is
formed: a cutting cone of osteoclasts in the front, a resting
zone in the middle, a closing cone lined by osteoblasts
following behind, and a capillary loop and supporting con-
nective tissue in the center (Fig. 3). It is noteworthy that
the tunnel-like morphology represents an idealized BMU
system and various BMU morphologies such as bidirec-
tional, branched, or clustered ones are actually observed
using the 3D mCT imaging technique.

Osteon remodeling process includes several steps, in-
cluding stimuli sensation and signal transduction by osteo-
cytes, bone absorption by osteoclasts, bone formation by
osteoblasts, and the entrapment of osteoblasts (osteoblast-to-
osteocyte transformation). Mechanical loading is prerequi-
site to initiate osteon remodeling and it creates strain-variant
areas with regional differences that determine the trajectory
of osteon remodeling units and the orientation of to-be-
formed osteons.68,69 Within a remodeling tunnel, stress-
strain levels are low in the loading direction and high in the
transverse direction, which is shown by the flow of bone
fluid within the LCN system. When loading pressure is
applied, the fluid is squeezed out of the bone matrix and
flows into the space at the resting zone and the closing cone,

while the fluid at the tip of the cutting cone flows toward
the bone matrix. A reverse trend was observed with un-
loading and an outflow at the cutting cone and an inflow at
the closing zone were detected.70 High strain at the trans-
verse direction recruited osteoblasts to the tunnel wall, while
osteoclasts migrated along the loading direction where the
strain was relatively low69; thus, the remodeling path was
along the longitudinal axis of osteons.

Osteocytes sense the mechanical stress and send signals
to activate osteoclasts and osteoblasts to initiate bone ab-
sorption and formation, respectively.24 Apart from the
osteocyte-mediated signal transduction, direct communica-
tion between osteoclasts and osteoblasts is also indispensable
in bone remodeling. In normal conditions, osteoblast-driven
bone formation follows the path of osteoclast movement and
fills up the space absorbed by osteoclasts to maintain bone
mass. The close relationship between osteoclasts and oste-
oblasts is called coupling and multiple mechanisms have
been proposed to explain this process. One mechanism is
that osteoclasts degrade bone matrix and release ECM-
sequestered growth factors to recruit osteoprogenitor cells
and promote osteoblast differentiation. Osteoclasts also re-
cruit osteoblasts in resorption-independent ways such as
direct cell-cell contact, secreting coupling proteins, and re-
leasing extracellular vesicles. When osteoblasts arrive at the
designated area, the topography of the resorption pits directs
the working path.71,72 Osteoclasts and pre-osteoblasts co-
exist in the resting zone, and as they approach the closing
zone, the pre-osteoblast density gradually increases and
osteogenesis begins. When the density of the pre-osteoblasts
reaches a threshold, bone formation starts and bone resorp-
tion stops. Moreover, the length of the resting zone is de-
pendent on how fast the threshold is reached, and slower
osteoblast recruitment implies more bone degradation.73

The osteoblast-to-osteocyte transformation indicates the
maturation of osteonal bone. With the deposit of bone ma-
trix, osteoblasts are encased and gradually transform into
osteocytes. During this process, the cell body is flattened,
the cell volume is reduced, dendrites are formed, the organ-
elle number decreases, and the nuclear-to-cytoplasm ratio
increases. Once the mineralization is initiated, the number

FIG. 3. Illustration of a basic BMU in osteon remodeling. Three zones are shown, including cutting cone dominated by
osteoclasts, closing zone dominated by osteoblasts, and resting zone where osteoclasts and osteoblasts reached a balance.
The osteoblast-to-osteocyte transformation is also shown. BMU, multicellular unit.
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of endothelial reticulum and Golgi apparatus and the cellu-
lar secretion are reduced. In the meantime, osteoblast-
specific markers like osterix, ALP, OCN, Cbfa1, and casein
kinase II disappeared, while osteocyte markers like DMP-1,
FGF23, ORP150, and Sost are highly expressed.21,74 To be
noted, only a small ratio of osteoblasts is entrapped and
transform into osteocytes,75,76 and other osteoblasts either
become bone lining cells or undergo apoptosis. The en-
trapment ratio is correlated to the bone matrix secretory
rate and the osteoblast burial rate, and varies with species,
tissues, ages, and locations.77

The incorporation of osteoblasts into bone matrix to be-
come osteocytes is not a random process. Some researchers
propose that osteoblast embedding is a passive process in
which the osteoblasts are ‘‘buried alive’’ by the deposited
matrix,78 while others believe that the embedding is an ac-
tive process that requires continuous collagen cleavage by
matrix metalloproteinase.79 A recent study using long-term
time-lapse imaging technology demonstrated that these two
theories were not exclusive, instead, they functioned side-
by-side since the ‘‘buried alive’’ and ‘‘walk in’’ phenomena
were observed simultaneously. Moreover, another phe-
nomenon that cells already embedded in a lacuna started to
differentiate in situ was also observed. Therefore, more than
one mechanism participates in the osteoblast-to-osteocyte
transformation process and its dominant mechanism can be
different at different maturation stages.80

A complex signaling network regulates the osteoblast-to-
osteocyte transformation process, and the signals from
osteocytes play critical roles during this process. In vitro co-
culture study showed that when osteocytes were exposed to
mechanical stress (fluid flow stress), osteocytes released
signals to co-cultured osteoblasts and induced osteoblast
differentiation. When the fluid flow was directly applied to
the osteoblasts, the differentiation of the osteoblasts failed
to occur.81 Mathematical models implied osteocyte signals
come from a large group of osteocytes rather than only those
closest to the bone deposition front.77 Although the exact
molecular mechanism underneath the transformation re-
mains unclear, many bioactive factors have been identified,
including MMPs, DMP1, OF45/MEPE, klotho gene, TGF-b
inducible early gene-1 (TIEG), LPA, E11, and oxygen.16

Intracellular communication through direct cell-cell junc-
tions also participates in this transformation. A large amount
of adherens junction, gap junction,82 and tight junction83

were observed between the osteocyte dendrites and osteo-
blasts, as well as between the dendrites from adjacent os-
teocytes. These junctions,84 especially gap junction,85 have
been proved to play critical roles in osteocyte-osteoblast
communication. Moreover, cell-cell interaction through
ligand-receptor interactions, such as Notch86,87 and Ephrin-
Ephrin receptors,88 was found on the plasma membranes
of osteoblasts and osteocytes. Therefore, secretory signals,
intracellular junctions, and the ligand-receptor-mediated
cell-cell interactions form a complicated signaling network
that regulates the osteoblast-to-osteocyte transformation and
bone modeling/remodeling process.84,89

Microdamage

Microdamage in bone occurs due to repetitive mechanical
loading in daily life. Mechanical loading changes both the

chemical composition and the crystal structure of the bone
mineral90 and leads to the formation of microdamage. In
physiological conditions, microdamage is normally present
in bone and functions as a stimulus to induce local bone
remodeling. However, not all microdamage is repaired.91

In aged or pathological bone, the rate of bone remodeling
slows down and microdamage accumulates. The accumu-
lation of microcracks not only impacts the mechanical
strength of bone by decreasing its elastic modulus, ultimate
strength, and mechanical energy-absorbing ability but also
impairs its fracture toughness, making the bone less resistant
to fractures.90,92

The microdamage can be divided into linear microcracks
and diffuse damages, which differ in various aspects, includ-
ing morphology, location, inducing stress, and repair mech-
anisms.93 Linear microcracks have sharp borders and are
larger than canaliculi, but smaller than vascular canals in 2D
histomorphology,90 while their actual 3D morphology is an
elliptical shape that orients *20� from the longitudinal axis
of cortical bone.94 Meanwhile, the lengths of microcracks
usually exceed 10mm. Diffuse damages appear as clouds of
stain with indistinguishable individual features in 2D his-
tomorphology, while they indeed comprised many smaller
cracks that occur below the lamellar length scale (1–3mm)
or even at the level of the collagen fibril (<1 mm). The
morphology of the diffuse damages indicates that they are
more capable of dissipating energy, which was verified by
the fact that they are more commonly seen in younger bone,
whereas linear microcracks are more commonly seen in
older bone. Besides, diffuse damages are more prominent
when tensile forces are applied, while linear microcracks are
mainly caused by compressive forces.95 Moreover, the re-
pair of diffuse damages is also distinct from that of linear
microcracks.96,97 In contrast to linear microcracks that re-
quire osteocyte-mediated BMU remodeling, diffuse micro-
damage can be self-repaired. This self-repair process can
be explained by a sacrificial bonds theory that the ionic
bonds in the collagen matrix are broken by an external force
and is repaired at the molecular level when the force is
removed; or by an annealing theory that the components of
the organic matrix bridge very small cracks and provide
resistance to crack growth.93 It was reported that microcrack
propagation was more deleterious than microcrack initia-
tion98; thus, diffuse damages that seldom propagate usually
do not cause substantial damages to bone.

Osteocytes are believed as the cellular components that
sense and respond to bone microdamage, and the mecha-
nism underlying this process has been discussed for years.99

One theory states that microcracks lead to osteocyte cellular
change directly. During crack opening and shear displace-
ments, microcracks cause rupture of osteocyte dendrites,94

which subsequently results in osteocyte apoptosis.100 The
length of microcracks determines the stress threshold that
induces dendrite rupture. A short microcrack corresponds
to a high strain threshold so that the bone is less likely to
fracture. One study reported that microcracks with a critical
length of 91 mm corresponded to a typical peak physiolog-
ical stress of 40 MPa; therefore, microcracks shorter than the
threshold length would not cause any noticeable damage to
osteocyte dendrites.94 Apoptotic osteocytes send signals to
adjacent viable osteocytes that release RANKL from the
membrane surfaces to activate osteoclastogenesis and
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initiate the local bone remodeling process.101,102 In this
process, not only osteocyte apoptosis101 but also mechanical
loading103 is indispensable to activate osteoclast-initiated
bone remodeling since either apoptosis-inhibited osteocytes
or normal osteocytes deprived of mechanical stress fail to
induce osteoclast activation. Another theory claims that
microcracks lead to shear stress change in the LCN system.
When this signal is perceived by osteocytes, a remodeling
process is initiated and osteocyte apoptosis is not a neces-
sary step. Although there is no technology available to di-
rectly measure bone fluid flow, mathematical models were
developed to simulate this process.104–106 It was found that
a fatigue microcrack can alter velocity and shear stress
distributions as far as 150mm away in the region,105 and
microcracks themselves can induce the release of fluid pres-
sure and increase the local liquid velocity upon load bear-
ing.104 The shape, size, and direction of microcracks
influence the changes of pressure and velocity, which func-
tion as a signal to nearby osteocytes. Another study further
supported this theory by proving that mechanical loading
directly induced osteoclast and osteoblast functions without
inducing osteocyte apoptosis.68

Osteons are generally regarded as an effective adaption
to inhibit microcrack growth and fracture occurrence owing
to the cement line, although the collagen fiber-mineral ul-
trastructure could encourage the formation of numerous
nonpropagating small cracks.107 The length of microcracks
reflects the energy it contains during microcrack growth,
and plays a determinative role in its interaction with osteons.
Short microcracks are usually less energetic and cease
as they hit an osteon, and those with intermediate lengths are
deflected around cement lines toward a path of least resis-
tance. Long microcracks are self-propagating and can pen-
etrate cement lines and damage the integrity of the osteonal
structure. For those long microcracks, the concentric la-
mellae of osteons inversely function as a weakness and
promote fracture propagation along the lamellae interface
within the osteons.7

Osteon turnover in response to aging

Aging produces deleterious effects to bone. Although
these effects are less severe to cortical bone than to trabec-
ular bone, they damage the mechanical strength of bone
since a small decrease of cortical bone can impose a sig-
nificant impairment to the mechanical property of the bone.
The mechanical strength of bone decreases and the rate of
bone turnover slows down with aging. The thickness of cor-
tical bone decreases with aging, owing to decelerated bone
remodeling, especially at the endosteal side where bone
resorption is more pronounced; therefore, the volume of
the medullary cavity increases.

Aged bone usually displays a higher osteon density than
young bone. This is possibly caused by the fact that the
endosteal side where large and less denser osteons exist is
more likely to be absorbed than the periosteal side.108

Therefore, the osteon size decreases109,110 and the propor-
tion of extra-Haversian bone increases.110 Aging also in-
fluences the shape of osteons and the average circularity
index increases with age.109 The density of Haversian canals
that deliver osteoclast and osteoblast progenitors to the in-
terior of cortical bone increases with age.110 The sizes of

those canals increase with age too, especially near the
endosteal site where the canals tend to coalesce and form a
cancellous-like architecture.111 Consequently, the bone min-
eral density decreases and the cortical porosity increases.
The turnover rate of aged bone decreases dramatically,
owing to the lower bone remodeling capacities of osteo-
clasts and osteoblasts and declined levels of signals from
osteocytes.

Lacuna density decreases and osteocyte destruction in-
creases in aged osteons.112 Osteocyte apoptosis occurs within
the lacuna and the lacunocanalicular space is completely hy-
permineralized,113 which is caused by the factors including
reactive oxygen species accumulation, hyperglucocorticoid-
ism, and failure in osteocyte autophagy.111 Osteocytes also
undergo autophagy, cannibalize themselves, and use their own
proteins and lipids as metabolic energy supply. The self-
destruction helps sustain cell survival in a nutrition-challenging
or stress-concentrating microenvironment.114 Therefore, it is
regarded as an approach to prolong tissue lifespan. In aged
bone, osteocyte autophagy level decreased, and this decline
may contribute to age-related bone loss since a significant
correlation between the levels of osteocyte autophagy markers
and bone mineral density was reported.115

Aging also influences the LCN system. It is demonstrated
that osteocyte lacunae own the capacity of amplifying local
tissue strains that are conducted to osteocytes.116 Therefore,
a minor change in the LCN can significantly affect the local
mechanical properties of bone. The morphology of osteo-
cyte lacunae is affected by aging and becomes smaller in
volume and more spherical in shape.117 The decrease of
the LCN volume, as a result of declined lacuna density and
declined lacuna volume, disturbs bone fluid flow and
impairs the mechanosensation and mechanotransduction
within an osteon. Moreover, the average number of canali-
culi originated from each lacuna is also decreased, which
further decelerates the fluid flow and impedes the signal
transduction between osteocytes.118

Aging also influences bone quality indirectly by accu-
mulating microdamage and increasing the level of gluco-
corticoids. Fatigue-induced microdamage normally appears
in bone and functions as a stimuli for bone remodeling. A
balance in bone quantity is usually maintained in healthy
bone, while aging breaks this balance in several ways. A
higher frequency of microdamage, especially in the form of
linear microcracks, is observed in aged bone. The accu-
mulation of microcracks decreases the fatigue resistance of
bone, making it more difficult to resist regular level of
mechanical stress. Besides, the mineralization level of ce-
ment lines and the surrounding bone matrix tends to be
similar with aging; therefore, the capacity of cement lines to
deflect microcracks decreases. As a result, microcracks are
more likely to penetrate the cement line and destroy the
integrity of osteons. In aged bone, small microcracks prop-
agate with much less resistance and fuse into larger cracks
that lead to bone fracture more easily.112 Moreover, aged
individuals tend to have a higher level of glucocorticoids
than young individuals since the synthesis of adrenocorti-
cotropic hormone that suppresses glucocorticoid production
through negative feedback is decreased. Hyperglucocorti-
coidism weakens bone quality by suppressing bone forma-
tion, increasing bone resorption, and promoting osteoblast
and osteocyte apoptosis.119
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Osteon Regeneration

Ever since the concept of tissue engineering was brought
up in the 1980s, numerous studies focusing on bone re-
generation have been performed, which have vastly con-
tributed to the advancement of the clinical treatments of
bone loss. However, cortical bone regeneration has never
been achieved and the morphological features of osteons
have not been observed within the regenerated bone tis-
sues. In recent years, researchers have attempted to de-
velop novel cytological tools and tissue engineering
approaches to recapitulate the structure of cortical bone. In
this part, studies that aimed at replicating the osteon ele-
ments are summarized.

Osteocytes and the LCN

As discussed previously, osteocytes and the LCN net-
work play critical roles in bone function, especially the
mechanosensation and mechanotransduction of bone. In
conventional bone regeneration strategies, osteogenic
stem cells or osteoblastic progenitor cells are routinely
used that they gradually transform into osteocytes, ac-
companying the deposition of osteoid matrix. For cortical
bone regeneration, this remodeling process is time-
consuming; thus, the critical functions of osteocytes and
the LCN network cannot be obtained timely. Recent
advancement in cytological tools and scaffolding ap-
proaches has enabled the acceleration of osteoblast-to-

osteocyte transformation and the direct exploration of
osteocytes in vitro. In this study, a summary of these
strategies is presented, which hopefully will provide hints
for accelerating cortical bone regeneration (Fig. 4).

Osteocyte-like cell lines. Osteocytes are terminally
differentiated cells and lose the capacity of proliferation.
To explore the physiological behavior of osteocytes, the me-
chanosensation/mechanotransduction function, and the
osteoblast-to-osteocyte transition process, researchers have
established several clonal cell lines by immortalization of
primary bone cells. Those cell lines not only maintain cell
proliferation capacity but also express genetic profiles similar
to osteocytes. Commonly used cell lines include osteocyte-
like MLO-Y4120 and OCY454,121 post-osteoblast/pre-
osteocyte MLO-A5,122 post-osteoblast-to-late osteocyte IDG-
SW3,123 and pre-to-late osteocyte OmGFP66.124 Among
them, MLO-A5, IDG-SW3, and OmGFP66 exhibit pre-
osteocyte or osteoblast-like properties and are capable of se-
creting osteoid matrix, while maintaining osteocyte-specific
properties. For example, both MLO-A5 and IDG-SW3 ex-
pressed high levels of alkaline phosphatase (ALP), secreted
collagen, and formed mineralization. However, none of those
cell lines can recapitulate the lacunocanalicular structure of
nature bone. Recently, a novel OmGFP66 cell line that formed
an organized in vivo bone-like lacunocanalicular structure was
reported.124 As the first cell line that is capable of replicating
the physiological LCN of bone, the OmGFP66 provides a
promising tool to explore the regeneration of cortical bone.

FIG. 4. In vitro culture strategies recapitulating osteocytic morphologies. (A) IDG-SW3 cells cultured in a 2D single layer,
modified with permission from Yang et al.125 (B) OmGFP66 cell line and the LCN, modified with permission from Wang
et al.124 (C) IDG-SW3 cells cultured within a 3D gelatin hydrogel, modified with permission from Yang et al.125 (D) MLO-
A5 cells cultured with biphasic calcium phosphate microparticles, modified with permission from Gu et al.139 (E) Single
BMSC cultured on a 3D tubular microisland, modified with permission from Ma et al.141 (F) Primary osteoblasts cultured
within a 3D collagen fibrous scaffold, modified with permission from Matsugaki et al.144 LCN, lacunocanalicular network.
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Three-dimensional culture systems for osteocyte-like
cells. While 2D monolayer culture is the most commonly
used culture system for osteocytes or osteocyte-like cell
lines, it fails to replicate the 3D physiological structure of
osteocytes in vivo. As a result, the transformation from
osteoblasts to osteocytes cannot be achieved. A 3D culture
system that mimics the physiological condition is favorable
to osteocytic differentiation. A summary of the 3D in vitro
culture systems for osteocytic differentiation is provided in
this section.

Hydrogels. Hydrogels have been widely used for osteo-
cyte culture and osteoblast-to-osteocyte transformation
exploration. Primary osteocytes or osteocyte-like cell lines
exhibited a fibroblast-like spindle morphology when cul-
tured on a 2D tissue culture polystyrene and failed to
express osteocyte-related markers.125 When those cells were
suspended in a 3D gel construct, the physiological charac-
teristics of in vivo osteocytes were well preserved that cells
displayed a satellite morphology with elongated and com-
municable dendrites, expressed high level of osteocytic mark-
ers (E11, DMP-1, Sost, and Fgf 23), and presented a
proliferation-ceased and mineralization-suppressive status.125

More importantly, 3D hydrogels facilitated the transforma-
tion of osteoblasts/osteoblast-like cells to osteocytes, which
was indicated by the elongated cellular processes, reduced
ALP level and mineralization activity, and increased ex-
pression of osteocytic markers.126–128 Moreover, when the
differentiated osteocytes were retracted from the 3D con-
struct and cultured on a 2D surface, dedifferentiation oc-
curred and the cells lost the dendritic morphology and
expressed high level of osteoblastic marker genes.127

Most hydrogels used for osteocytes are developed from
collagen126–131 and gelatin,125,132,133 and occasionally
Matrigel is used.130,134 The components of the hydrogel
affect osteocytic behaviors. For example, adding type I
collagen to a 3D gelatin gel significantly increased the
number, length, and connections of osteocyte dendrites, the
expression level of osteocytic markers, and the responsive-
ness to PTH.125 A collagen gel that contained nanocrystal-
line hydroxyapatite shortened the osteocyte dendrites and
decreased the ALP expression level compared to non-
mineralized collagen gels.129

The stiffness of a hydrogel plays a role in regulating
osteocytic behaviors as well. A lower stiffness had advan-
tageous effects in promoting the osteocytic differentiation
of osteoblastic MC-3T3 cells, which was indicated by the
formation of interconnected dendrite network,132 the down-
regulation of ALP activity and osteoblastic genes (Col1 and
OSF-2), and the upregulation of osteocyte-related genes
(DMP-1 and Sost).133 Similar trend was observed when the
osteoblastic cells were cultured in a 3D gelatin hydrogel132

and on the surface of a collagen hydrogel.133

Microparticles. Microparticles are also used for osteo-
cytic culture.128,135–139 In one study, primary osteoblasts
were mixed with biphasic calcium phosphate (BCP) mi-
croparticles that mimicked the mineral composition of bone
matrix and presented a 3D culture environment to the os-
teoblasts.135 Within the interstitial space between micro-
particles, the osteoblasts were embedded in the lacunae-like
spaces surrounded by the cell-secreted osteoid matrix.

Moreover, the osteocytic marker genes were highly ex-
pressed and osteoblastic marker genes like ALP, osteonectin,
and Col1 were downregulated, indicating a successful tran-
sition from osteoblasts to osteocytes. Besides, when poly-
ethylene microparticles were added to a collagen gel, those
microparticles presented a significant effect in inducing the
osteocytic morphological transition and a catabolic pheno-
typic profile of primary osteoblasts compared to the use of
pure collagen gel.128

BCP microparticle culture system was improved with a
decrease in microparticle size and the addition of a micro-
fluidic perfusion, which facilitated the entrapment of sin-
gle cells and the extension and connection of cell dendrites
within the interstitial spaces. In the meantime, cell prolif-
eration was mitigated, cell-cell distance was maintained, and
osteocytic genes were upregulated, indicating that a more
in vivo-like microenvironment was established.136–139

Micropatterning. Micropatterning has also been used for
inducing osteocytic differentiation. One study used a mi-
crocontact printing technique to create a micropatterned
network to mimic the in vivo interconnected osteocyte LCN
network.140 The surface of a cover slide was divided into
fibronectin-coated cell-adhesive regions and cell-repellent
regions that were formed by ethylene glycol terminated self-
assembled monolayer ink. The cell-adhesive regions in-
cluded dispersedly organized circular regions that allowed
bone cell attachment, and interconnected lines between the
circles that supported the formation of cell dendrites. MC
3T3 cells attached on the circular regions were cultured
separately and cell dendrites formed within the intercon-
nected lines. Moreover, gap junctions were detected be-
tween the cells in the micropatterned network, indicating
that cell-cell communication within the network was estab-
lished. However, this micropatterning platform only allows
cell-cell interactions on a 2D surface.

Our laboratory recently developed a nanofibrous micro-
patterned 3D platform to recapitulate the 3D dendritic
morphology of osteocyte in vitro.141 The bioinspired 3D
platform was generated by integrating the processes of na-
nofabrication, micropatterning, and computer-assisted laser
ablation. A gelatin-based nanofibrous matrix fabricated by
electrospinning was used as the substrate for a photolithog-
raphy process, which generated isolated gelatin-exposed
cell-adhesive microislands surrounded by polyethylene
glycol-coated cell-repellent regions. Afterward, multiple
bone canaliculi-like microchannels were created within the
microislands by laser ablation. Single bone marrow stem
cells (BMSC) cultured on the microislands displayed an
osteocyte-like morphology that the satellite-like cell body
resided on the microisland and multiple dendrites extended
into the microchannels. By tailoring the parameters of mi-
cropatterning and laser ablation, we successfully made the
cell body and dendrites of the BMSCs on the micropatterned
3D platform identical to those of osteocytes in vivo.

Fibrous scaffolds. It has been well known that the fibrous
structure, which possessed a remarkably higher surface-to-
volume ratio, presented a preferable effect to osteoblastic
differentiation than a smooth surface.142,143 Therefore, fi-
brous scaffolds have been widely used for bone regenera-
tion. However, most of the studies focused on the functional
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differentiation of osteogenic cells, and very few of them
explored the osteoblast-to-osteocyte transformation or the
morphological maturation of osteocytes.

When a single BMSC was cultured on a micropatterned
nanofibrous matrix, multiple filopodia with an average diame-
ter similar to osteocyte dendrites invaded into the inter-
connected pores of the nanofibers.141 Recently, a 3D fibrous
scaffold was developed using a 3D printing technique to ex-
trude collagen fibers. Osteoblasts were seeded on the surface
and migrated inside the scaffold. It was shown that the oste-
oblasts on the upper surface of the scaffold barely expressed
sclerostin, while those embedded inside the scaffold expressed
high level of sclerostin. Moreover, the embedded osteoblasts
displayed an osteocyte-like morphology with multiple dendritic
processes.144 The results indicated that fibrous structure facil-
itated the differentiation of osteoblastic cells into osteocytes.

The orientation of the nanofibers played critical roles
in maneuvering cell morphology. When cultured on 2D
aligned nanofibers145,146 or within 3D layer-by-layer nanofi-
brous construct,145 osteoblastic cells displayed a distinctly
elongated morphology parallel to the orientation of the nano-
fibers compared to that on/within the random nanofibers.
Moreover, cells extended processes (lamellipodia) along
the nanofibers, which were steered by filopodia that act as
cellular antennae to sense the substrate topography.146 Mean-
while, the mineralized bone matrix produced by the osteoblasts
also corresponded to the orientation of the underlying sub-
strate.144,147 However, the effect of nanofiber orientation on the
differentiation of osteogenic cells remains controversial.145,147

Regulatory factors. In addition to cell types and scaf-
folding structures, many other factors also participate in the
regulation of osteocytic differentiation and can be employed
for cortical bone regeneration. Both in vitro studies18,148,149

and in vivo mice models18 have shown that mechanical load
plays critical roles in inducing osteocytic differentiation. A
microfluidic perfusion system that exerted controlled fluid

flow stress to osteoblastic cells was developed to replicate
the mechanotransduction network of bone.137 Cell density is
another biophysical factor that influenced osteocyte differ-
entiation, although its exact effect remains debatable. Two
studies reported that a higher cell density was advantageous
in promoting the morphological transformation, dendrite
formation, and mineralization of osteoblastic cells,132,150

while one study showed opposite results.133 Considering
that the cell density and culture environment used in those
studies were not consistent, more comprehensive work is
needed to address the contradicted results.

One important biochemical factor that regulates osteocytic
differentiation is oxygen tension. The physiological microen-
vironment where osteocytes reside is hypoxic.151 Multiple
in vitro studies have indicated that a low oxygen tension is
preferable for osteoblast-to-osteocyte transformation.138,151,152

Other factors like calcium,153 strontium,129,154 vitamin K,131

and 1,25-dihydroxyvitamin D3155 also exhibited positive ef-
fects in inducing osteocytic differentiation, while PTH in-
duced the loss of mature osteocyte phenotype.156

Lamellae

Within the context of osteon regeneration, two appro-
aches have been attempted to mimic the concentric osteon
lamellae. One is the 3D printing technique. In one study,157

two syringes were used to generate a cylindrical multi-
circular scaffold. For the innermost layer, a mixture of
fibrinogen/gelatin/human umbilical vein endothelial cells
(HUVECs) was used as bioink to mimic the structure of
Haversian canal. For the outer several layers, the bioink
encapsulating fibrinogen/gelatin/mesenchymal stem cells
was used to mimic bone matrix. However, when the
scaffold/cell construct was cultured in vitro or implanted
in vivo, the boundaries between the layers disappeared and
could not mimic lamella structure. The other approach
combines electrospinning and a rolling process to fabricate
lamella structure (Fig. 5). During the fabrication process,

FIG. 5. The application of electrospinning and rolling techniques in recapitulating the osteon lamellae-like structure.
(A) PCL/gelatin nanofibrous matrix with coral microparticles loaded between layers, showing the void space and the cells
migrated inside, modified with permission from Hejazi and Mirzadeh.159 (B) A cortical bone-mimicking scaffold generated by
electrospinning, wrapping, annealing, and ultraviolet laser micro-drilling techniques. (a) The PLA microsheet composed of
aligned nanofibers and CaP; (b) and (c) Cross-sectional image of a microtube with different ratios of wall thickness to outside
radius; Cross-sectional image (d) and side-view (e) of a cortical scaffold prepared by fusion of microtubes; (f) Magnified side-
view of (e) showing the array of microholes drilled on the outer surface. Adopted with permission from Barati et al.160
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a polymer solution was exposed to a high-voltage field to
generate nanofibrous matrix and was rolled manually to form
a 3D osteon-like construct. Compared to the 3D printing
technique, this technique possesses advantages that the resul-
tant constructs could replicate the nanofibrous structure of
bone matrix, the lamella structure of osteons, and the osteo-
cyte canaliculi owing to the pores formed by interweaving
nanofibers. Moreover, the nanofibrous matrix can be soaked
in simulated body fluid (SBF) for further mineralization.

One study used a commercial poly(glycolic acid) (PGA)
fiber as the rotating stage to collect poly-L-lactide (PLLA)
or PLLA/gelatin electrospun fibers.158 In this construct, the
PGA fiber was used as a core to mimic the Haversian canal
and the outer electrospun fibrous layers were used to mimic
the osteon lamellae. However, the result showed that the
degradation rate of the PGA core was too slow and only a
small portion of the PGA was degraded after 4 weeks of
culture; thus, endothelial cells cannot be seeded in the center
of the construct. Besides, osteogenic cells seeded on the
construct were found only on the outermost surface, while
orderly aligned osteocytes within the lamellae and the
dendrites were not observed.

Another study proposed that the tight assembly of nano-
fibrous layers during the electrospinning process impaired
cell migration.159 Therefore, coral microparticles were re-
petitively attached to the nanofibrous layers after a certain
time of electrospinning. In this way, void space between the
layers was created to facilitate cell attachment. This work
replicated the concentric lamellas and provided a clue for
obtaining orderly aligned osteocytes.

In a recent study, one approach was employed to gen-
erate a construct similar to cortical bone.160 First,
nanofibrous PLA fabricated with an electrospinning tech-
nique was soaked into SBF for CaP nucleation. Next, the
matrix was wrapped on a needle and annealed to fuse the
nanofibrous layers. Afterward, the microtube-needle as-
semblies were formed around a stainless steel rod and
further annealed to fuse the assemblies. After needles and
the rod were removed, the spaces mimicking the Haversian
canal and bone marrow were generated. A scanning deep-
ultraviolet laser microdrilling system was used to drill
microholes on the outer surface of the construct to mimic
Volkmann canals. Although microstructural features of
natural osteons such as the orderly aligned osteocytes and
the dendrites were still missing in this system, it has pro-
posed the feasible techniques to replicate the characteris-
tics of natural osteons, including the nanofibrous
architecture of bone matrix, osteon lamella, Haversian
canals, and even Volkmann canals.

Haversian canals

The recapitulation of the Haversian canal, particularly the
spatial arrangement of the Haversian canal and the sur-
rounding bone matrix, is essential for osteon and cortical
bone regeneration. Several techniques have been proposed
to recapitulate this structure (Fig. 6).

Bottom-up methods. A bottom-up method is the most
widely used approach to mimic osteon structure. This
method is composed of two steps. First, a photocrosslink-
able polymer solution was crosslinked with ultraviolet light

under a predesigned concentric circular photomask to gen-
erate ‘‘double-ring’’ microgels. The polymer solution was
composed of photocrosslinkable and biocompatible materi-
als such as polyethylene glycol diacrylate,161 GelMA,162,163

and RGD-modified alginate.164,165 The hydrogel used for
the inner ring contained endothelial cells like HUVECs,
while the hydrogel used for the outer rings contained oste-
ogenic cells like MG63 or BMSCs. Since the thickness of
the microgels usually did not exceed 500mm, a second step
was needed and the microgels were assembled in a layer-by-
layer manner and crosslinked with ultraviolet light to
eliminate the gap between the layers. In this way, a 3D tube-
like construct with a spatial arrangement of endothelial cells
and osteogenic cells was formed. The two types of cells
directly communicated with each other, leading to enhanced
angiogenesis of the endothelial cells and osteogenesis of the
osteogenic cells.162,163,166

Casting. One study used a casting technique to generate a
3D nanocrystalline HA scaffold.167 This scaffold had a hon-
eycomb pore architecture formed by parallelly aligned mi-
crochannels, which were used to mimic the Haversian canals.
In vitro evaluations showed that this scaffold promoted
monocytes to differentiate into osteoclasts, and enhanced os-
teoblast proliferation and differentiation. An in vivo cortical
bone defect model showed it effectively recruited osteogenic
cells to the microchannels and promoted the secretory function
and even the osteon-like bone formation. Although endothelial
cells and vascularization were not evaluated in that work, the
authors proposed that the scaffold might guide blood vessel
invasion and facilitate revascularization in vivo structurally.

Extrusion. An extrusion process has also been employed
to generate the Haversian canals and the osteon-mimicking
scaffolds. One study designed a shell-core bilayered scaf-
fold with a combination of electrospinning and a twin screw
extrusion process.168 A hollow polycaprolactone (PCL)
nanofibrous tube was fabricated with the electrospinning
technique and used as a core to mimic the Haversian canal.
Then a polycaprolactone/biphasic calcium phosphate (PCL/
BCP) mixture was extruded surrounding the PCL core to
form the coil-like shell to mimic bone matrix. Endothelial
cells were seeded within the PCL tube and pre-osteoblasts
were seeded on the exterior surface of the PCL/BCP shell.
The nanofibrous inner surface of the PCL core promoted the
confluence of endothelial cells, which formed a continuous
lining layer with intercellular tight junctions. Meanwhile,
the coil-like shell enhanced pre-osteoblast proliferation and
differentiation. Although the spatial arrangement of the
Haversian canal was mimicked and vascularization and
osteogenesis were enhanced, this work failed to obtain a
direct interaction between endothelial and osteogenic cells.

Another study designed a multichannel microfluidic system
that enabled the spatial organization of HUVECs and MG63
cells.169 An osteon-like microfiber were composed of four
layers of components, which were extruded sequentially and
assembled on a predesigned photolithography-based micro-
fluidic chip. The innermost layer was formed by hyaluronic
acid, which was dissolved in water to create the hollow struc-
ture to mimic the Haversian canal. The second and third layers
were formed by HUVEC-loaded RGD-alginate and MG63-
loaded RGD-alginate hydrogel, respectively. The outermost
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layer was water to ensure the integrity of the microgels. In this
way, the microfibers recapitulated the structure of the Ha-
versian canal and bone matrix, enabling a direct communica-
tion between endothelial and osteogenic cells.

Three-dimensional printing. The 3D printing is another
technique to recapitulate Haversian canal. Apart from
organic bioink to print the innermost layer to mimic the
Haversian canal as aforementioned,157 researchers also used
inorganic ink for 3D printing. In one study, an akermanite
bioceramic ink was used in a digital laser processing-based
3D printer to replicate the structure of an osteon.170 This
scaffold recapitulated the structure of the Haversian canals,
Volkmann canals, and cancellous bone together with the
physiological spatial arrangement. Moreover, the growth of
human bone marrow stem cells in the cancellous structure
and HUVECs on the Haversian canal of the scaffold effi-
ciently enhanced osteogenic and angiogenic differentiation.

Conclusions and Future Perspectives

Osteons in cortical bone have aroused enormous interest
ever since the discovery. The microstructural components
of an osteon, including its lamellae, osteocytes, LCN, and

Haversian canal, form a delicately communicative network
that supports the physiological function and turnover of
cortical bone. Massive studies have been conducted to ex-
plore the role of each indispensable component and their
interactions, which have greatly contributed to the knowl-
edge of osteons. The development of advanced imaging
techniques and mathematical models further facilitate our
in-depth understanding of osteons. However, many questions,
including the cause of alternating morphology of lamellae
and the molecular mechanism underlying osteocyte me-
chanosensation and mechanotransduction, remain unsolved
and require future exploration.

The final part of this review summarizes the development
of bioengineering approaches to recapitulate the osteon
structure. Osteons form the functional units of cortical bone,
and successful recapitulation of the osteon structure builds
the foundation of cortical bone regeneration. If bioinspired
osteon-like scaffolds can be designed and directly induce
cortical bone formation, the postsurgical rehabilitation time
for orthopedic surgery patients will be dramatically reduced.
From this point of view, the regeneration of cortical bone in
orthopedic research is of clinical significance. To date, the
development of such bioinspired scaffolds to regenerate
osteons and cortical bone is still in its infancy and the

FIG. 6. Strategies recapitulating the Haversian canal or the spatial organization of Haversian canal and bone matrix.
(A) ‘‘Double-ring’’ microgels assembled layer-by-layer by a ‘‘Bottom-up’’ technique, modified with permission from
Du et al.161 (B) Replication of cortical bone by a casting technique, modified with permission from Despang et al.167

(C) Spatial cell-laden fibers by an extrusion technique, modified with permission from Wei et al.169 (https://pubs.acs.org/
doi/10.1021/acsami.7b00078. Further permissions related to the material excerpted should be directed to the ACS).
(D) Replication of cortical bone by 3D printing, modified with permission from Zhang et al.170
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expansion of this research will enable development of new
therapies for reconstructive orthopedics.
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