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ABSTRACT: The bone is composed of solid cortical bone and honeycomb-like trabecular

bone. Although the cortical bone provides the substantial mechanical strength of the bone, >
few studies have focused on its regeneration. As the structural and functional units of the “
cortical bone, osteons play critical roles in bone turnover. Composed of osteocytes, lamellae, Ooetes
lacunocanalicular network, and Haversian canals, osteons exhibit a delicate and hierarchical ~
architecture. Studies have attempted to reconstruct the osteonal structure with artificial Hoesian [l oo
approaches; however, hardly the four elements were recapitulated simultaneously. In this ™ "J—k‘ﬁ N Network
work, a series of bioengineering techniques, including electrospinning, micropatterning, and ( &
laser-directed microfabrication, were employed to develop a three-dimensional scaffolding . Lamellae R
system, which successfully recapitulated the osteon structure in vitro. The physiological e v
morphology and bioactivity of osteocytes were emulated, the intercellular communications h -
between osteocytes were identified, and the concentric lamellae and Haversian canals were 1
simulated as well. This work constructed an in vivo—like platform for osteon study, providing

convenience for exploring the interaction among the osteonal elements

H INTRODUCTION cylinder morphology with multiple concentric osteocyte-
containing lamellae that surround a central Haversian canal.
Together with the lacunocanalicular network (LCN) that
accommodates osteocyte cell body and dendrites, osteocytes,
lamellae, and Haversian canal form a delicately communicative

Bone loss impacts life quality and even the survival of an
individual. Representing more than 2 million worldwide each
year, bone grafting has become the second most common
transplant tissue.”” Current bone grafting approaches possess

limitations such as donor site mobility, potential of immune network that supports the physiological function and turnover
rejection, or pathogen transfer.’ Therefore, using tissue of the cortical bone.
engineering methods to regenerate bone has become one of With the unmask of its significance in physiological bone
the most popular research topics within the past several functions, osteons have become one of the most popular topics
decades. in the field of bone biology. Particularly, mathematical models®
The bone is composed of cortical and trabecular bones. and mechanical tests’” have facilitated our in-depth under-
Despite that cortical bone accounts for approximately 80% of standing of osteons, and the rational underlying the critical role
total bone mass and provides the mechanical strength and of osteons in mechanical loading resistance have been
performs the major function of the bone," its regeneration somewhat unveiled. Generally, osteocytes and LCN sense
remains a challenge. To accommodate pluripotent stem cells and transduce external mechanical stress, and the concentric
with an appropriate nutrient or gas exchange, scaffolds are lamellae reduce bone porosity and function as a rigid shield to
generally designed with a cancellous microstructure. As a resist repetitive mechanical loading. In the meantime, the
result, the trabecular bone is usually formed, while cortical development of cytological or scaffolding approaches to
bone regeneration is scarcely detected. Since the transition of recapitulate the osteonal structure in vitro was still immature. '’

the trabecular bone to the cortical bone requires a prolonged
remodeling process before mechanical strains can be loaded,’
direct cortical bone regeneration will dramatically reduce the
postsurgical rehabilitation time for orthopedic-surgery patients.
Therefore, direct regeneration of cortical bone in orthopedic
research is of imperative clinical significance.

Cortical bone regeneration relies on functional recapitula-
tion of its basic constituent units, osteons. Cortical bone is
formed by parallelly assembled osteons that present a
complicated hierarchical architecture. An osteon displays a

As shown in previous studies, hydrogels, microparticles, or
micropatterning techniques were generated to simulate the
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morphology and physiological functions of osteocytes. Three-
dimensional (3D) printing or electrospinning-rolling methods
were used to imitate concentric lamellae. Meanwhile, bottom-
up, casting, or extrusion approaches were employed to
recapitulate the Haversian canal. However, the integral
configuration of osteons that include all four osteonal
elements, namely, osteocytes, lamellae, the LCN system, and
the Haversian canal, have not been reconstructed simulta-
neously due to the complexity in osteon structure and the
intricate interaction among those elements. As a result, the
molecular mechanism underlying the mechanosensation and
mechanotransduction of osteons remain unclear. Therefore,
the development of a novel scaffolding system that
reconstructs the integral osteonal structure is of critical
importance.

We recently developed a 3D bioinspired scaffolding system
that emulated the physiological extracellular matrix (ECM)
microenvironment and accommodated osteocytes in vitro.
BMSCs cultured within the system exhibited an osteocyte-like
morphology with a satellite-like cell body residing on the
microisland and multiple dendrites protruding into the
microchannels. To be noted, this scaffolding system deprived
cell—cell communication and provided a unique platform for
exploring single osteocyte behaviors extensively. We deepened
our exploration with this bioinspired system by focusing on its
role in modulating the morphological and functional
osteoblast-to-osteocyte transitions. Moreover, considering
that osteocytes are accommodated within a hierarchical
osteonal system, we further expanded our system by adding
a matrix rolling procedure to imitate the concentric lamellae
and explored the intercellular communication between BMSCs
residing within adjacent lamellae. In the meantime, a HUVEC/
Matrigel injection procedure was employed to recapitulate the
Haversian canal within the innermost of an osteon. In this way,
we successfully emulated the integral structure of an osteon in
vitro, which not only provided a novel and comprehensive
platform for exploring the interactive communication among
the osteonal elements but also set an example for the
development of next-generation cortical bone regeneration
approaches.

B MATERIALS AND METHODS

Scaffold Fabrication. The generation of nanofibrous
microisland and the canaliculi was performed as previously
described.'" Briefly, the GelMA nanofibrous matrix was first
fabricated with an electrospinning technique, followed by
immersion in a PEGDA/photoinitiator aqueous solution for
photolithography. Then, the patterned matrix was loaded onto
a PEN slide for laser drilling under a laser microdissection
machine (Leica LMD7000) to generate lacunae-like micro-
channels. Afterward, the matrix was sterilized, washed, and
then flattened on a predesigned membrane holder for BMSC
seeding. The cell-laden matrix was smoothened out on a glass
slide and a 30-gauge syringe needle was placed above the
matrix. Rolling around the needle, the matrix formed a
concentric morphology in a sterilized environment. Right after
the rolling, a syringe containing HUVEC/Matrigel was
connected to the needle, and with the retraction of the needle,
the HUVEC/Matrigel complex was injected inside the axis
cylinder of the rolled matrix.

Cell Culture. Human bone marrow stem cells (BMSCs),
human umbilical vein endothelial cells (HUVECs), and
endothelial cell growth media kits (EGM-2 BulletKit) were

purchased from Lonza. BMSCs were cultured in an ascorbic
acid—free a-modified essential medium (a-MEM) (GIBCO,
Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine
serum (FBS) (Invitrogen) and 1% penicillin—streptomycin
(Invitrogen) in a humidified incubator with $% CO, at 37 °C.
The culture medium was changed every 2 days, and BMSCs of
passages 3—5 were used for the experiments. One h after 2 X
10* BMSCs were seeded onto 1 cm? of microislands,
unattached cells were washed off the matrix by gently pipetting
up the culture medium. The BMSC/matrix were cultured for 3
days before rolling and HUVEC injection. HUVEC were
cultured in the EGM-2 Bullet Kit following manufacturer’s
instruction. For HUVEC/Matrigel injection, 5 X 10° HUVECs
within 50 uL of medium was mixed with 50 uL of precooled
1:3 diluted Matrigel (BD Biosciences) and loaded within the
syringe. For one rolled BMSC-laden matrix, 30 uL of
HUVEC/Matrigel was injected. Afterward, the BMSC/
matrix/HUVEC/Matrigel system was placed within the 37
°C incubator for 20 min for gelation.

Cell Staining and Imaging. The cell-microisland
construct was rinsed with DPBS and fixed with 4% PFA for
30 min. The F-actin staining was operated following the
manufacturer’s instruction (CF633 phalloidin, Biotium 00
046), followed by nuclei staining with Hoechst 33342 (S mg/
mL, Thermo Scientific 62 249) for 15 min and washed with
PBS in triplicate.

For immunofluorescence staining, samples were blocked in
5% goat serum for 4 h at room temperature and reacted with
first antibodies and CF633 phalloidin (10 U/ml, Biotium 00
046) overnight. After being washed with PBS for 3 times, the
samples were stained with Alexa Fluor Plus 5SS secondary
antibody (1:200, Invitrogen, A32732) for 2 h, followed by 1
pug/mL Hoechst 33 342 for 20 min. The samples were washed
and mounted with coverslip (CoverWell Imaging Chamber
Gasket). The first antibodies used were listed as follows:
Sclerostin (Abcam #85799, 1:200), DMP-1 (Invitrogen
#PAS—57956, 1:150), ORP150 (Abcam #134944, 1:250),
MEPE (Invitrogen #PAS—58205, 1:100), Runx2/Cbfal-
(Abcam #192256, 1:500), Casein Kinase II (R&D #AF4380,
10 pug/mL), Osterix (Abcam #209484, 1:400), osteocalcin
(Abcam #93876, 1:200), and E11/gp38/podoplanin (Abcam
#128994, 1:200).

For confocal observation, directly mounted samples were
used for taking top-view images. Three samples, including at
least 100 single cell-laden microislands, were collected for
analysis. To obtain lateral view of cells, the stained samples
were embedded in an OCT and processed with freezing
microtome section. Sections with a thickness of 20 ym were
harvested and immediately mounted with a coverslip. At least
90 lateral images from 3 samples were collected for analysis.
High-resolution images were taken in stack mode with a 0.4-
um step size. Image files were also exported for 3D
reconstruction using Imaris 9.0.

For SEM observation, each sample was dehydrated with a
graded ethanol solution (50%, 70%, 95%, and 100%, 30 min
for each), dried in a vacuum oven, coated with gold with a
sputter coater (SPI-module Sputter Coater Unit, SPI Supplies/
Structure Probe, Inc.), and observed under an SEM machine
(JSM6010, JEOL).

Statistical Analysis. Quantitative results were presented as
the mean =+ standard deviation (SD). The unpaired Student’s
t-test was used to test the significance between two groups. A
value of p < 0.05 was considered statistically significant.
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Figure 1. Top: Scheme showing the fabrication process of the Osteon-mimicking scaffolding (OMS) system. OMS was generated via an
electrospinning process, a photolithography process, a laser-drilling process, cell seeding, a rolling process, and a HUVEC/Matrigel injection
process. Created with permission from BioRender.com. Bottom: (A) showed the ECM-like nanofibrous network of the OMS matrix, which was
generated via electrospinning. (B) showed the organized alignment of the cell-selective microislands, which were generated via photolithography.
(C) showed an enlarged microisland with seven microchannels formed via laser-drilling. (D) showed the morphology of an integral OMS, which
was composed of microisland-concentrical lamellae. (E) and (F) showed the morphologies of microislands before cell accommodation under light
microscopy and fluorescence microscopy, respectively. (G) showed BMSC seeding on the microislands. (H) showed the typical morphology of one
single osteocyte-like BMSC cell (OLC) on the OMS via 3D confocal image reconstruction. Red indicated actin-binding phalloidin, and blue

indicated the nucleus.

B RESULTS AND DISCUSSION

As shown in Figure 1, a series of techniques were employed to
generate the osteon-mimicking scaffolding (OMS) system.
First, a GelMA-based matrix was fabricated via electrospinning.
The resultant matrix exhibited a nanofibrous topography
formed by interweaving GelMA nanofibers with a diameter of
200—500 nm, similar to the nature bone ECM (Figure 1A).
Then, the GeIMA matrix was employed as the substrate for a
photolithography process, forming isolated cell-adhesive
GelMA-exposed microislands surrounded by cell-repellent
PEG-coated regions (Figure 1B). With this approach, cell

clusters got dispersed, and the attachment of single BMSCs on
each microisland was achieved, which simulated the isolated
distribution of in vivo osteocytes. Afterward, a laser ablation
technique was used to create canaliculi-like microchannels
within the microislands. According to our previous work,
microisland surface area not only played a critical role in
determining single cell ratio and cell spreading'' but also
greatly influenced the polarized morphology of single cells
together with the microchannel diameter.'? Thus, in this work,
circular microislands with a surface area of 1800 um? were
selected, which mostly resembled the BMSC size in traditional
cell culture methods, and seven microchannels with an average

https://doi.org/10.1021/acsomega.4c04146
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Figure 2. Morphology of single BMSCs on a laser-drilled microisland. (A) Single BMSCs formed 0—7 cellular dendrites on the microisland. Red
indicated actin-binding phalloidin, and blue indicated nucleus. (B) showed the distribution of single BMSCs in the number of dendrites formed
within the microislands. (C) showed the average lengths of BMSC dendrites. More than 300 single BMSCs from 3 samples were captured and

recorded for dendrite meansurement. Data were presented as mean + SD.

diameter of 2.6 ym (2.6 + 1.1 ym) were generated within each
microisland (Figure 1C,E,F) for illustration, although each
osteocyte was reported to possess an average of 114.5
dendrites."” Following cell seeding, the patterned matrix was
rolled around a needle syringe, forming a concentrical shape
similar to the lamellae of nature osteons. In the meantime, a
HUVEC/Matrigel complex was injected inside the central
cylinder space of the rolled matrix, which emulated the
Haversian canal. In this way, an osteon-mimicking system was
generated, with an average diameter of 700—800 ym and an
average length of 4—5 mm (Figure 1D).

After BMSCs were trypsinized and seeded on the patterned
matrix, cells occupied only within the microisland area and
were isolated from neighboring cells, exhibiting an exceptional
surface selectivity of the system. Quantitative analysis showed
that over 78.3% of the microislands got occupied by cells and
among those, 47.5% accompanied by single cells, showing ideal
biocompatibility of the system (Figure 1G). As the most
common cell type in bone (over 90% of all bone cells),
osteocytes are terminally differentiated bone cells with a
stellate-shaped cell body and a number of dendritic processes
originating from the cell body. Osteocytes line up orderly
within osteon lamellae, and their longitudinal axes are parallel
to the lamellae in which they reside. Single BMSCs cultured on
the OMS displayed a typical polarized morphology that the cell
body resided on the surface of microisland while multiple

dendrites invaded within the laser-drilled microchannels
(Figure 1H), similar to the in vivo osteocytes.

Together with the cell body, osteocyte dendrites comprise
the functional parts of an osteocyte. It is known that osteocytes
play critical roles in mechanosensantion, although the
molecular mechanism remains controversial'* that various
components of an osteocyte, including its dendrites, cell body,
primary cilia'® and integrin receptors on the cell membrane,®
have been proposed to be responsible. Among them, osteocyte
dendrites mainly function through sensing bone fluid flow
shear stress within LCN."”"® Moreover, dendrites play critical
roles in osteon turnover. When microcracks invoked damage to
dendrites, the osteocyte would launch apoptosis and mean-
while send signals (e.g,, RANKL) to adjacent viable osteocytes
to activate osteoclastogenesis and initiate local bone
remodeling.'”*’

In order to emulate the osteocyte dendrites, seven
microchannels were fabricated within each microisland in
this work. Stacked images of single BMSCs were generated via
a confocal microscope. Only when a cellular process
originating from the cell body was longer than 5 pm, it was
recorded as a dendrite. Quantitative analysis showed that over
80% of single BMSCs on the OMS formed more than one
dendrite; thus, those cells were named osteocyte-like cells
(OLCs) (Figure 2). Among the 335 cells calculated, about
19.1% single BMSCs formed no dendrites, 23.9% formed 1
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Figure 3. Expression of osteoblast-indicating and osteocyte-indicating markers on OLCs, including upregulated markers like Sclerostin (A), E11
(B), DMP-1 (C), ORP150 (D) and MEPE (E), and downregulated markers like Runx2 (F), Casein Kinase II (G), Osterix (H), Osteocalcin (I)
and ALP (G). Red indicated actin-binding phalloidin, yellow indicated the specific markers and blue indicated nucleus. (a-g) showed the
semiquantitative data of the expression levels of these markers. Unpolarized single BMSCs (without the formation of dendrites) cultured on the
same scaffold were selected as the control group. In each group, at least 30 cells were recorded. Data was presented as mean + SD, * indicated p <

0.0S, * indicated p < 0.01 and *** indicated p < 0.001.

dendrite with an average dendrite length of 26.6 ym, 17%
formed 2 dendrites with an average length of 22.6 um, 14.9%
formed 3 dendrites with an average length of 20.7 ym, 12.2%
formed 4 dendrites with an average dendrite length of 19.5 ym,
6% formed S dendrites with an average dendrite length of 17.1
um, 4.2% formed 6 dendrites with an average dendrite length
of 152 um, and 3.3% formed 7 dendrites with an average
dendrite length of 10.3 ym. As reported by previous work, the
average thickness of lamellae within osteons usually ranged
from 4 to 7 um;>" therefore, the OLC dendrites should be able
to penetrate across multiple lamellae. These results indicated
that single BMSCs cultured on this novel bioinspired scaffold
are morphologically similar to in vivo osteocytes in which
dendrites not only probe through lamellae and communicate
with adjacent cells within an osteon but also pervade cement
line (the outermost layer of an osteon) and anchor to the

surrounding interstitial bone, establishing communications
between osteons and interstitial bone matrices.””

The transition from osteoblasts to osteocytes indicated the
maturation of the osteonal bone. In in vivo microenvironments,
osteoblasts are encased and gradually transform to osteocytes
with the deposit of bone matrix. During this process, in
addition to morphological changes such flattening of the cell
body , formation of dendrites, and reduction in cell volume,
changes in biomarker expression occur as well. Particularly, the
expression of osteoblast-specific markers including Osterix,
ALP, OCN, Runx2, and Casein Kinase II decreased or
disappeared, while those of osteocyte-specific markers such as
DMP-1, FGF23, ORP150, sclerostin, and OF45/MEPE
increased.”””* In order to examine the functional status of
single BMSCs on microislands, immunofluorescence staining
of these biomarkers was performed. Polarized BMSCs (OLCs)
were imaged and evaluated as the experimental group, and
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Figure 4. Intercellular communication among two OLCs between adjacent lamellae. The scheme (A) and 3D confocal reconstructed image (B)
show the cell seeding and communication. (C) indicated the formation of adherens junction among adjacent OLCs. (D) indicated the formation of
gap junction among adjacent OLCs. Tight junctions were not detected among the OLCs (E). Green indicated FITC-labeled GelMA-based scaffold
(OMS), red indicated actin-binding phalloidin, yellow indicated the specific markers, and blue indicated the nucleus.

nonpolarized BMSCs on the same GelMA microislands with
same canalicular structures were selected as the control group
(Figure 3). As the quantitative data showed, OLCs expressed
significantly higher levels of Sclerostin (186.64%), DMP-1
(196.87%), and ORP150 (132.89%) and a relatively higher
level of MEPE (128.43%) than nonpolarized BMSCs.
Meanwhile, the OLCs displayed lower levels of Runx2
(54.33%), Casein Kinase II (34.97%), Osterix (13.61%), and
osteocalcin (55.39%). Here, the level of E11/gp38, a marker
specifically expressed on the cell body and dendrites of
embedding osteoid osteocytes, was also examined since it was
reported to control the formation, elongation, and mechano-
responsiveness of osteocyte dendrites. Moreover, the ex-
pression level of E11 is regulated by external stimuli such as
mechanical strains.”” As shown in Figure 3B(b), E11 was
evidently expressed in the dendrites of OLCs, and its
expression level was significantly accelerated (292.86%)
compared to control BMSCs, further confirming that the
micropatterned canalicular system facilitated the commitment
of BMSCs into osteocyte lineage. In the meantime, the ALP-
positive single-cell ratio decreased dramatically from 26.64% in
BMSCs to 18.62% in OLCs (Figure 3G(g)). The changes of
these biomarker expressions were in accordance with in vivo
osteoblast-to-osteocyte transition, indicating that this novel
OMS system induced osteocyte differentiation both morpho-
logically and functionally.

Osteocytes communicate frequently with neighboring cells
from the same or adjacent lamella, although they do not
assemble densely in an aligned layer such as osteoblasts or
odontoblasts. Cross-sectional images of mature osteons have
shown that canaliculi where osteocyte dendrites reside form a
vastly interactive network across lamellae. Considering the
large number of dendrites (114.5 dendrites per osteocyte) and
the vast volume of canaliculi (115.3 pum® per osteocyte),"”
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exceeding communication among osteocytes is expected via
LCN. In this work, by generating microchannels perforated
throughout the matrix and seeding BMSCs on both sides
(Figure 4A), we managed to observe the intracellular
communication between OLCs resided in adjacent lamellae.
Since the patterned microislands could not be generated at
exactly the same spot on both sides of the matrix due to
technique limitations, BMSCs seeded on the nonpatterned side
spread freely (Figure 4B). Nevertheless, by selecting microis-
lands with one nucleus on each side of the matrix and
reconstructing the cell-matrix interaction, the cell—cell
contact between the OLCs can be detected within the
microchannels.

According to previous studies, osteocyte communication
majorly occurs between dendrites from adjacent cells, either by
transduction of interstitial fluid flow within LCNs or by direct

19 Previous studies have detected

dendrite—dendrite contact.
the presence of adherens junction and gap junction between
osteocytes,”® while the formation of tight junction remains
controversial*>*’” In order to investigate the communicative
mechanism among the OLCs, immunofluorescence images of
biomarkers representing these junctions were captured. As
shown in Figure 4, adherens junction (Cadherin, Figure
4C(c)) and gap junction (Cx43, Figure 4D(d)) were clearly
spotted between OLCs from adjacent lamella, while the
formation of tight junction (ZO-1, Figure 4E(e)) can hardly be
observed. Although the existence of tight junctions requires
further exploration, this result is consistent with that between
in vivo osteocytes. Moreover, it should be noted that in nature
osteons, canaliculi also exist between osteocytes residing within
the same lamellae; however, such phenomenon was not
observed in this system due to the slow degradation of PEG. In
order to solve this problem, we are working on a new approach
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Figure S. Recapitulation of the concentric lamellae of the OMS system. (A—C) SEM and confocal images of an OMS, showing the concentric
lamellae. (D—F) showed that cell attachment efficiency remained high after the matrix-rolling procedure. (G—I) showed the morphology of one
single OLC within an OMS, which was generated via cryosection, indicating that the cell integrity and matrix structure were not hampered by the
matrix-rolling procedure. Green indicated FITC-labeled GelMA-based scaffold, red indicated actin-binding phalloidin, and blue indicated the

nucleus.

to accelerate PEG degradation in a controlled manner, but it is
beyond the scope of this work and will not be covered herein.

The concentric lamellae are the most distinguishable
features of osteons. A mature osteon typically has 4—8 layers
of lamellae. This unique feature endows osteon with an
adaption to inhibit microcrack growth and prevent fracture
occurrence within the cortical bone. Currently, only two
artificial approaches have been proposed to recapitulate the
lamellar structure, the 3D printing technique,28 and the
electrospinning-rolling technique.”” ' The latter approach
exhibited superior effect in forming the concentric architec-
ture; however, the accommodation of isolated osteocytes
within each lamella can hardly be obtained with these
approaches. In this work, we adopted the rolling technique

by wrapping the OLC-laden nanofibrous matrix around a
syringe needle to simulate the lamellae. Owing to the suitable
mechanical strength of the patterned matrix (184 + 27 MPa,
shown in previous work,'" it was achievable to roll the matrix
to generate a concentric OMS structure (Figure SA—C). To
observe its influence on embedded OLCs, the OMS complexes
were prepared for cryosection. The cross-sectional images of
OMS showed that BMSC adhesion efficiency stayed similarly
high, showing that the mechanical rolling did not deteriorate
the cells (Figure SD—F). Moreover, from the magnified cross-
sectional images, it was exhibited that cell integrities were not
impaired by the rolling process either, and meanwhile, single
OLCs projected multiple dendrites inside the microchannels
that penetrated across the lamellae (Figure SG—I).

https://doi.org/10.1021/acsomega.4c04146
ACS Omega 2024, 9, 41368—41377


https://pubs.acs.org/doi/10.1021/acsomega.4c04146?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04146?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04146?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04146?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

GelMA

100pm
‘—

Figure 6. Recapitulation of the Haversian canal of the OMS system via injection of the HUVEC/Matrigel complex. Green indicated FITC-labeled
GelMA-based scaffold, red indicated actin-binding phalloidin, yellow indicated CD31, a marker of endothelial cells, and blue indicated the cell
nucleus and the dispersed Matrigel. The left picture was created with BioRender.com.

Haversian canals are the cylinder space surrounded by the
innermost osteon lamella and are parallel to the main axis of an
osteon. They not only encompass blood vessels and nerve
fibers that provide nutrients and chemical signals to osteocytes
but also transport osteoclastogenic and osteogenic cells to
damaged sites to launch osteon remodeling. Therefore, the
reconstruction of Haversian canals is of particular importance
for osteon mimicking and cortical bone regeneration. Several
techniques have been proposed to recapitulate this structure,
including bottom—up,32’33 casting,” extrusion,”” and 3D
printing;”® however, an osteon-like spatial arrangement of the
Haversian canal and the surrounding bone matrix was barely
achieved. In this work, right after the patterned nanofibrous
matrix was rolled around the syringe needle, an injection of the
HUVEC/Matrigel complex into the central cylinder space
formed by the rolling procedure was performed as the needle
was retracted. As a result, the HUVEC/Matrigel complex
formed a parallel axis inside the rolled matrix and after 3 days
of culture, the HUVECs assembled into a ring-like structure,
which emulated the morphology of a Haversian canal within an
osteon (Figure 6).

It is to be noted that this OMS system was not applicable to
in vivo bone regeneration yet. One major reason was that in
this work, BMSCs were purposely separated from each other in
order to simulate the in vivo—like osteocyte distribution.
However, several previous studies have shown that the ALP-
positive cell ratio of isolated MSCs (less than 10%) were
significantly lower than that of clustered MSCs (over 75%),%”
which not only confirmed the critical role of intracellular
communication in inducing osteogenic differentiation®”** but
also indicated that single MSCs possessed attenuated potential
in osteogenesis. Thus, the OMS system could barely induce
bone regeneration. A second reason was related to the slow
degradation of OMS. The orderly distribution of BMSCs were
achieved by the PEG-initiated photolithography, but according
to previous studies, PEGDA hydrogel remained stable for over
3 months in vivo.>* Therefore, the scaffolds could hardly

degrade before or at the time point required for bone matrix
deposition and calcification, which further minimized the
possibility of bone regeneration via OMS. Taken these
limitations into consideration, this novel OMS system was
more of an innovative model to explore the interaction among
osteonal elements and inspire the development of next-
generation tissue engineering strategies than a ready-to-use
scaffold for cortical bone regeneration.

B CONCLUSION

Osteons are the functional units of cortical bone; thus, a
successful recapitulation of the integral osteon structure is the
prerequisite for cortical bone regeneration. To date, the
development of such bioinspired scaffolds to regenerate
osteons and cortical bone is still in its infancy, which impedes
the rapid functional recovery of bone. Here, we developed a
novel hieratical scaffolding system based on a series of
scaffolding and microfabrication techniques, including electro-
spinning, photolithography, laser-drilling, rolling, and 3D
injection. By mimicking the bone ECM microenvironment
that accommodates osteocytes, this novel system successfully
induced the morphological and functional transition of BMSCs
toward osteocytes and emulated the intracellular communica-
tion between osteocytes. Moreover, it recapitulated the
osteonal structure comprehensively, thus setting a good
example for the development of next-generation tissue
engineering strategies for cortical bone regeneration. However,
this system also has limitations. One is that its mechanical
strength was relatively low compared to natural osteons, which
was partially due to the lack of inorganic components.
Moreover, it is not a ready-to-use scaffold for in vivo bone
regeneration as aforementioned; instead, it comprised a study
platform that allowed for detailed observation of the
interaction between osteocytes and their accommodating
microenvironment. Therefore, further in-depth exploration
based on this work is still required for functional osteon
regeneration.
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