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1. Introduction

The redevelopment/regeneration pattern of amputated limbs from a blastema

in salamander suggests that enhanced regeneration might be achieved by
mimicking the developmental microenvironment. Inspired by the discovery that
the expression of magnesium transporter-1 (MagT1), a selective magnesium
(Mg) transporter, is significantly upregulated in the endochondral ossification
region of mouse embryos, a Mg-enriched 3D culture system is proposed to
provide an embryonic-like environment for stem cells. First, the optimum
concentration of Mg ions (Mg?*) for creating the osteogenic microenvironment
is screened by evaluating MagT1 expression levels, which correspond to the
osteogenic differentiation capacity of stem cells. The results reveal that Mg?*
selectively activates the mitogen-activated protein kinase/extracellular regulated
kinase (MAPK/ERK) pathway to stimulate osteogenic differentiation, and Mg?*
influx via MagT1 is profoundly involved in this process. Then, Mg-enriched
microspheres are fabricated at the appropriate size to ensure the viability of

the encapsulated cells. A series of experiments show that the Mg-enriched
microenvironment not only stimulates the osteogenic differentiation of

stem cells but also promotes neovascularization. Obvious vascularized

bone regeneration is achieved in vivo using these Mg-enriched cell delivery
vehicles. The findings suggest that biomaterials mimicking the developmental
microenvironment might be promising tools to enhance tissue regeneration.

Tissue defects caused by accidents and
diseases severely decrease quality of life,
and humans possess limited regenerative
capacity; thus, the repair of large bone
defects remains a major clinical chal-
lenge.'! Some animals, such as the sala-
mander, can regrow a whole limb after
amputation.? Study of the mechanism
revealed that the amputated limb regen-
erates from the blastema and that the
involved cellular and molecular mecha-
nisms are highly similar to embryonic
development processes.’]  Advances in
stem cells and biomaterials have improved
artificially assisted tissue regeneration
strategies that provide new hope for
patients.! Based on the redevelopment/
regeneration model in salamander, we
believe that the construction of an artifi-
cial embryonic-like microenvironment for
stem cells would be a promising strategy
for regenerative medicine that may achieve
Dbetter regenerative effects.
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Biomaterial strategies for bone regeneration have gained
remarkable attention in terms of the repair of large bone
defects.’! Previous studies have reported that modification
of the structure and composition of biomaterials to mimic
natural bone tissue has improved bone regeneration with con-
siderable efficacy.®”] For instance, the incorporation of bioac-
tive ions present in natural bone matrix, such as copper ions,
strontium ions, and magnesium ions (Mg?"), into bone substi-
tutes stimulates vascularized bone regeneration.®] However,
the specific mechanisms underlying the stimulatory effects of
these bioactive ions are not fully understood. Through studies
involving mouse embryos, we discovered a novel phenomenon
in which magnesium transporter-1 (MagT1), one of the major
Mg?* transporters, was selectively and highly expressed in the
endochondral ossification region (Figure 1a). We also detected
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similar high MagT1 expression in rat bone marrow stem cells
(BMSCs) undergoing osteogenic differentiation (Figure 1b—d).
It is well documented that endochondral ossification is an
innate vascularized bone formation process, suggesting that
MagT1 expression might be exploited for vascularized bone
regeneration.”1% It is worth noting that Mg?" released from
biomaterials has been reported to induce the upregulation of
MagT1 in rat BMSCs.[!!l Therefore, we hypothesize that local
Mg?" accumulation leading to high MagT1 expression might
mimic the bone development microenvironment and thus
induce vascularized bone formation. However, the optimum
concentration of Mg?" for constructing the angiogenic and
osteogenic microenvironments is unclear, and the signaling
pathways downstream of Mg?" entry via MagT1 have not yet
been elucidated. These issues highlight the acute demand for
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Figure 1. a) Colocalization of ALP and MagT1 in mouse embryos using double immunofluorescence staining. b) DNA gel electrophoresis analysis
of MagT1 expression in BMSCs incubated with or without osteogenic medium (DX). c) gPCR shows the upregulation of MagT1 during osteogenic
induction (n=3, ** p <0.01). d) Double immunofluorescence staining of OCN and MagT1. e) Schemata of construction of the Mg-enriched 3D culture
system for bone regeneration. Mg?* influx via MagT1 mediates the osteogenic differentiation of stem cells.
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further investigation to elucidate the specific effects of MagT1
on vascularized bone regeneration.

In the present study, inspired by the discovery that MagT1
expression was significantly upregulated in the endochondral
ossification region, we identified the optimum concentration
of Mg?" for constructing the osteogenic microenvironment
by altering the expression level of MagT1, which is consistent
with the osteogenic differentiation capacity of BMSCs. A series
of experiments proved that Mg?", through MagT1, not only
promotes the osteogenic differentiation of BMSCs through acti-
vation of the mitogen-activated protein kinase/extracellular regu-
lated kinase (MAPK/ERK) pathway but also enhances neovascu-
larization by promoting the migration of endothelial cells (ECs).
Based on these findings, we developed a Mg-enriched 3D cul-
ture system to mimic the bone development microenvironment
for vascularized bone regeneration (Figure 1e). Marked vascular-
ized bone regeneration was achieved after implantation of the
cell delivery vehicles into rat critical-sized cranial defects. Taken
together, the data suggest that our bioinspired regeneration
method of constructing an embryonic-like microenvironment
for stem cells is a promising strategy for bone regeneration.

2. Results and Discussion

2.1. MagT1 Expression Is Strongly Correlated with Embryonic
Bone Development and Osteogenic Differentiation

To explore the correlation of MagT1 expression with embry-
onic bone development, colocalization analysis of alkaline
phosphatase (ALP), an osteogenic marker, and MagT1 was car-
ried out in mouse embryos at embryonic day (E) 14.5 using a
double immunofluorescence staining technique. As shown in
Figure 1a, there was selective high MagT1 expression in the
ALP-positive region in the cartilage anlages of both limbs and
vertebrae. MagT1 is a major Mg transporter that influences
intracellular Mg homeostasis. Previous studies elucidated
that MagT1-dependent Mg?* entry significantly affects various
cell behaviors, including cell proliferation, differentiation
and T-cell-specific immunomodulation,3] but there are no
relevant reports on its correlation with embryonic bone develop-
ment. Herein, we found that MagT1 is highly expressed during
endochondral bone formation. Based on this finding, we fur-
ther investigated MagT1 expression in rat BMSCs during osteo-
genic differentiation induced by osteogenic medium containing
dexamethasone (DX). Changes in MagT1 gene expression were
assessed by DNA gel electrophoresis and quantitative poly-
merase chain reaction (PCR) (QPCR) over the following 5 day
period. MagT1 expression levels slightly increased in BMSCs
induced for 3 days and significantly increased in BMSCs
induced for 5 days compared to untreated BMSCs (Figure 1b,c).
In addition, we detected MagT1 protein levels by immunofluo-
rescence staining. Osteocalcin (OCN) was used to measure the
effectiveness of osteogenic induction. OCN expression was
relatively low in undifferentiated BMSCs but increased mark-
edly after 5 days of induction. At the same time, MagT1 expres-
sion in differentiated cells showed a consistent upregulation
(Figure 1d). Based on these findings, we believe that MagT1 is
profoundly involved in osteogenesis. Moreover, endochondral
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ossification is a vascularized bone formation process, indicating
that MagT1 expression might be important for vascularized
bone regeneration. Notably, a recent study reported that an
increase in extracellular Mg could upregulate MagT1 expres-
sion in BMSCs.l'!l In addition, the local accumulation of Mg?*
has positive effects on osseointegration and osteogenesis.*] We
thereby hypothesized that a Mg-enriched environment might
simulate the bone development microenvironment to promote
vascularized bone formation via upregulating MagT1.

2.2. The Mg-Enriched Environment Induces BMSC Osteogenic
Differentiation via High MagT1 Expression

To investigate whether the Mg-enriched environment stimu-
lates osteogenic differentiation by mimicking the bone develop-
ment microenvironment with high MagT1 expression, BMSCs
were cultured in Mg-containing medium. First, we cultured
BMSCs with medium containing varying concentrations of
Mg?* to determine the appropriate Mg environment for cell sur-
vival. According to the half maximal inhibitory concentration
(ICs0) assays, cell viability was unaffected at Mg?* concentra-
tions of less than 20 x 103 m but decreased significantly when
the concentration exceeded 20 x 10~ M. When the concentra-
tion reached 65.91 x 1073 M, half of the cells were apoptotic
(Figure 2a). A consistent trend was observed when detecting
apoptosis by flow cytometry. Compared with cells cultured in
normal medium (0.8 x 1073 M Mg?*), BMSCs exposed to Mg?*
concentrations above 20 X 1073 m showed a significant increase
in the late apoptotic or necrotic population (Annexin V-FITC+
and propidine iodide (PI)+) (Figure 2d). Based on these
results, Mg?* concentrations under 60 X 1073 m were selected
for subsequent experiments. The effects of Mg?" on osteo-
genic differentiation vary with concentration. Low extracellular
Mg?* concentration (i.e., 0.1 X 107 m) inhibits the osteogenic
differentiation of BMSCs, while a high Mg?" concentration (i.e.,
18 x 1073 M) has detrimental effects on osseous metabolism.[**]
Hence, the appropriate Mg environment is pivotal in terms
of bone formation. However, the optimum concentration for
the induction of MagT1 expression and osteogenic differen-
tiation was unclear. Therefore, we used MagT1 expression
in BMSCs as a criterion for optimizing the Mg?* concentra-
tion for osteogenic induction. As the Mg?" concentration
increased, MagT1 expression generally showed an increasing
trend and then gradually decreased to the control level when
the Mg?" concentration exceeded 10 x 107 m (Figure 2b,c).
Notably, MagT1 expression was markedly increased in the
2.5x 1073 and 5 x 1073 M groups, especially in the 5 x 1073 m
group. As mentioned above, the upregulation of MagT1 is
closely related to the osteogenic differentiation of BMSCs. We
therefore hypothesized that Mg?* exerts osteogenic inductive
effects below 10 X 1073 m, and concentrations from 2.5 x 1073
to 5 x 107 m are optimal for osteogenic induction. To verify
this hypothesis, BMSCs were incubated in medium con-
taining Mg?" at concentrations less than 20 x 107 M. Osteo-
genic induction by Mg?* was evaluated based on ALP activity.
The trend in ALP activity induced by Mg?* was consistent
with that in MagT1 expression, suggesting that MagT1 expres-
sion is consistent with the osteogenic differentiation capacity

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Mg?* promotes osteogenic differentiation via high MagT1 expression. a) Analysis of the effect of Mg?* on cell viability using 1Cs, assays
(n = 6). b) qPCR analysis of MagT1 expression in BMSCs treated with different concentrations of Mg?" (n = 3, **p < 0.01). ¢) Immunofluorescence
assay of MagT1 expression in BMSCs after 5 days of incubation. The cytoskeletal structure (green) and nuclei (blue) were stained separately.
d) Flow cytometry-based apoptosis assay using Annexin V-FITC/PI staining. Dots in the upper right quadrant represent late apoptotic cells.
e) ALP staining of BMSCs exposed to different Mg?" environments for 5 days. f) Semiquantitative analysis of ALP activity after 5 days of induction
(n=3, **p <0.01). g) Immunoblots display the increased expression of OCN in BMSCs induced by a Mg-enriched environment. h) Detection of OCN

levels by immunofluorescence staining.

of BMSCs (Figure 2e,f). To further evaluate the osteogenic
inductive effects of 2.5 x 1073 and 5 x 10~ M Mg?*, the pro-
tein levels of OCN were detected after cell treatment. Com-
pared with the control group, the Mg-enriched groups showed
an obvious increase in OCN protein levels, particularly in the
5 x 107 m group (Figure 2gh). These findings confirmed
that a Mg-enriched environment could stimulate osteogenic
differentiation by mimicking the bone development microen-
vironment with high MagT1 expression, and a concentration
of Mg?" ranging from 2.5 X 1073 to 5 x 1073 m is optimal for
constructing an osteogenic microenvironment.

Adv. Sci. 2019, 6, 1900209 1900209 (4 of 12)

2.3. Molecular Mechanisms Underlying the Osteogenic
Inductive Effects of Mg?*

The mechanisms by which Mg?" promotes osteogenic differen-
tiation have not been completely clarified. In the present study,
we focused on the effects of Mg?* on the MAPK pathway, one
of several signaling pathways governing the osteogenic differen-
tiation of stem cells.l"® First, BMSCs were cultured in medium
containing 5 x 1073 M Mg?*. Samples were collected at different
time points and prepared for western blot analysis. As shown in
Figure 3a, Mg?" significantly enhanced the phosphorylation of

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Investigation of the mechanisms underlying the osteoinductivity of Mg?". a) Western blot assay shows the phosphorylation of MAPK pathway
components in BMSCs treated with 5 X 1073 M Mg?*. b) Immunoblots display the inhibitory effects of PD98059, a specific Erk1/2 inhibitor, on the
activation of Erk1/2 (60 min) induced by Mg?*. c) An obvious decrease in OCN levels in BMSCs treated with PD98059 was detected by western blotting.
d) ALP staining of BMSCs treated with or without PD98059. e) Semiquantitative analysis of ALP activity in BMSCs (n = 3, *p < 0.05). f) Site targeted
by the CRISPR/Cas9 system in the rat MagT1 gene. g) A 6 bp mutation (in yellow area) at the target site resulting from CRISPR/Cas9 targeting was
confirmed by gene sequencing. h) Mg—Fura-2 detection of Mg?" entry into BMSCs. i) Inhibitory effects of MagT1 knockout on Erk1/2 activation. j) ALP
staining of normal and mutated BMSCs incubated with 5 x 1073 m Mg?* for 5 days. k) Semiquantitative analysis shows a sharp decrease in ALP activity

in mutated BMSCs (n = 3, **p < 0.07).

Erk1/2 at 30 and 60 min. In contrast, there were no significant
changes in the phosphorylation of other members of the MAPK
pathway, i.e., P38 and c-Jun N-terminal kinase (JNK), implying that
Mg?* stimulates osteogenic differentiation through selective acti-
vation of the MAPK/ERK pathway. The Erk1/2-specific inhibitor
PD98059 was applied to verify whether Mg?* promotes osteogenic
differentiation via the Erk1/2 signaling pathway. As shown in
Figure 3, Mg?"-induced OCN expression and APL activity were
significantly depressed (Figure 3c—e) upon inhibition of Erk1/2
phosphorylation (Figure 3b). These results supported our hypoth-
esis that Mg?" promotes osteogenic differentiation through
selective activation of the Erk1/2 signaling pathway. It is worth
noting that abrogation of Mg?" influx due to MagT1 deficiency
impairs cellular activation signals.'?l Therefore, we speculated
that MagT1 affects osteogenic differentiation by regulating Mg?*

Adv. Sci. 2019, 6, 1900209 1900209 (5 of 12)

influx. Briefly, CRISPR/Cas9-mediated targeted disruption of
MagT1 was conducted to explore the regulatory role of MagT1 in
Mg-induced osteogenic differentiation. The Cas9 sgRNA-targeted
site is shown in Figure 3f. Sequencing analysis identified the
mutation in the MagT1 gene (Figure 3g; Files S1 and S2, Sup-
porting Information). To ascertain whether MagT1 knockout
affects Mg uptake, we used a Mg*"-sensitive dye, Mg-Fura-2,
to monitor intracellular Mg?" levels in BMSCs. The addition of
Mg?" induced a notable increase in intracellular fluorescence
intensity in the control group, indicating Mg?* entry into BMSCs,
while only a slight change was observed in MagT1-knockout
BMSCs (Figure 3h; Movies S1 and S2, Supporting Informa-
tion). The results suggested that cellular Mg?* uptake decreases
markedly upon MagT1 gene disruption. Moreover, by western
blot analysis, a significant decrease in Erk1/2 phosphorylation

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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consequent to MagT1 gene knockout was evident (Figure 3i).
Correspondingly, MagT1 gene knockout significantly down-
regulated ALP activity in BMSCs after 5 days of induction with
Mg?" (Figure 3jk), indicating a considerable depression of
osteogenic differentiation. These results again highlighted that
MagT1 expression is consistent with the osteogenic differentia-
tion capacity of BMSCs. Taken together, the results indicated that
Mg?* induces the osteogenic differentiation of stem cells through
selective activation of the MAPK/ERK pathway, and the osteoin-
ductive effect is closely related to Mg?* influx mediated by MagTT1.

2.4. Fabrication and Optimization of a Mg-Enriched
3D Culture System

After optimizing the concentration of Mg?" for osteogenic
induction, we constructed a Mg-enriched 3D culture system
to mimic the bone development microenvironment. Mg?*
can form physical crosslinks with sodium alginate (SA) mole-
cules.'”] Therefore, we created a locally Mg-enriched environ-
ment using SA hydrogel to immobilize Mg?". During embryonic
development, cells tend to aggregate into spheres to form com-
plex tissues with 3D structures and strong cell-cell interac-
tions.'8 In vitro, this process of self-assembly also occurs when
cells cannot attach to the surface of materials to reinforce
intercellular connections.’ In short, the spheroid cell cul-
ture system simulates the tissue development environment.
We thereby designed a spheroid 3D culture system. Briefly,
BMSCs were suspended in medium containing a high Mg?" con-
centration, and the cell suspension was mixed with SA solution.
Then, the mixture was dropped into CaCl, solution to form sphe-
roids. Notably, cells inside microspheres, especially those in deep
area, are susceptible to inadequate nutrient and oxygen supply.
Research indicates that a central necrosis arises when the diam-
eter of cellular tumor spheroid reaches over 600 um.2% Therefore,
selecting an appropriate microsphere size is important for cell sur-
vival. To determine the optimal size of spheroids for cell survival,
spheroids of three different sizes were fabricated: small (spheroid
diameter: 500 um), medium (spheroid diameter: 1 mm), and large
(spheroid diameter: 2 mm). Cell viability was measured by Live/
Dead assays. As shown in Figure 4a, cells were evenly distributed
in spheroids. After 3 days of culture, only a few dead cells (stained
in red) were found in the small group, while the number of dead
cells in the microsphere core gradually increased with increasing
size. When the diameter of the microspheres reached 2 mm,
the cells in the microsphere core showed obvious deterioration.
Therefore, we fixed the diameter of the microspheres at 500 um.
Noteworthy, for further fine-tuning the size and morphology of
the spheroids that ensure the cell viability, biofabrication tech-
niques such as electrospraying could be employed.??!!

2.5. A Mg-Enriched Environment Stimulates the Osteogenic
Differentiation of Encapsulated BMSCs by Mimicking the Bone
Development Microenvironment

Stem cell survival, proliferation, and migration are important
for osteogenic differentiation.?”l To evaluate the suitability of
Mg-enriched spheroids as an in vitro cell culture platform and
in vivo biomimetic scaffolds for bone regeneration, we first
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assessed the viability of BMSCs inside the spheroids. Briefly,
three groups of cell-laden spheroids were fabricated: spheroids
with local Mg?" concentrations of 2.5 x 1073 and 5 x 1073 ™
(experimental groups) and spheroids with a normal Mg?"
concentration (0.8 X 107 m). As shown in Figure 4b, hardly
any dead cells were found in the three groups after 1 day of
culture, the number of dead cells increased slightly after 3 days
of culture, and no significant difference was observed among the
three groups. The CCK8 assay results showed that cell viability of
>90% was maintained in each group for 3 days, demonstrating
the innate biocompatibility of the Mg-enriched microspheres
(Figure 4c). Mg?" concentrations ranging from 1.6 x 107 to
20 x 10 M were shown to enhance cell proliferation in vitro
(Figure S1, Supporting Information); therefore, we examined
whether the Mg-enriched environment of spheroids stimulated
cell proliferation as well. 5-ethynyl-2"-deoxyuridine (EdU) staining
was performed at different time points. At day 3, there were clear
differences in the number of EdU-positive cells (stained in pink)
between the experimental group and the control group that
became more significant at day 7, although all groups showed an
increase in EdU-positive cells over time. Overall, the Mg-enriched
environment stimulated the proliferation of encapsulated BMSCs
(Figure 4d,e). Moreover, significant migration of the stem cells
from the spheroids to the culture dishes was observed. Briefly,
BMSCs were labeled with green fluorescent protein (GFP), and
the spatial distribution of the cells was detected by a confocal
laser scanning microscope (CLSM). As shown in Figure 4f,
only a few cells migrated out of the microspheres after 1 day of
culture. At day 3, sufficient cells had migrated out of the sphe-
roids to enable the growth of large cell populations on the culture
dishes, which is pivotal for BMSCs to participate in the regenera-
tion process in vivo. To investigate the effect of the Mg-enriched
environment on the osteogenic differentiation of BMSCs, the
expression levels of several osteogenesis-related genes were
detected by qPCR. The expression of Runt-related transcription
factor 2 (Runx2) and ALP increased significantly after 3 days of
culture. After 5 days, the expression levels of Osterix (Osx) and
OCN in BMSCs increased significantly by 3.5-fold and by 6.4-
fold, respectively, in the experimental group compared with the
control group. Overall, we believe that Mg-enriched spheroids
successfully simulate the bone development microenvironment,
and the localized Mg-enriched environment has considerable
positive effects on the proliferation and migration of encapsu-
lated BMSCs and stimulates osteogenic differentiation.

2.6. In Vitro and In Vivo Analyses of the Angiogenic Effects
of the Mg-Enriched Environment

The process of bone formation is coupled to the process of angi-
ogenesis.’] Blood vessels invade into the ossification region to
initiate osteogenesis.'% Several chemokines, such as vascular
endothelial growth factor (VEGF), stromal cell-derived factor-1
(SDF-1), and platelet-derived growth factor (PDGF), have been
recognized to play important role in angiogenesis.?’l In this
study, we investigated whether the Mg-enriched environment
could upregulate the expression of those chemokines above in
BMSCs. Results showed that after 2 days of incubation, enhanced
expression of VEGF was detected in BMSCs encapsulated in

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Optimization of the Mg-enriched 3D culture system and the in vitro osteogenic differentiation of encapsulated BMSCs. a) Cell viability analysis
of BMSCs inside spheroids of different sizes. Live cells (green) and dead cells (red) were detected by CLSM. b) BMSCs remained viable inside spheroids
with a localized Mg-enriched microenvironment. c¢) CCK-8 assays of the viability of encapsulated BMSCs at different time points (n = 3, 50 pL of
spheroids per sample). d) Sequential evaluation of encapsulated BMSC proliferation by EdU staining. e) Percentage of EdU-positive cells encapsulated
in spheroids (n=3, *p < 0.05, **p < 0.01). f) Observation of GFP-labeled cell migration from spheroids to culture dishes. 3D images were reconstructed
by CLSM. g—j) The graphs show that the local Mg-enriched environment in spheroids significantly stimulated the expression of Runx2 and ALP in BMSCs
at the early stage of incubation (day 3), while high Osx and OCN expressions were observed at day 5 (n =3, 50 uL of spheroids per sample. **p < 0.07).

Mg-enriched spheroids, while the expressions of SDF-1 and
PDGF remained unchanged. It indicates that Mg-enriched
environment might promote angiogenesis via upregulating
the expression of VEGF in BMSCs. Based on this finding, a
transwell migration model was used to detect the in vitro
recruitment capacity of the Mg-enriched culture system in ECs.
As shown in Figure 5d, different groups of spheroids were
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cultured in the lower chambers for 2 days: SA microspheres
without cells (SA), SA microspheres encapsulating BMSCs
(SA-BMSCs), and cell-laden SA microspheres with a local Mg?*
concentration of 5 x 107 m (SA-Mg/BMSCs). Then, the ECs were
suspended in medium and seeded in the upper chambers, and
EC migration was observed at different time points within 24 h.
It was clear that in the groups without Mg?*, only limited cell

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. In vitro and in vivo analyses of the angiogenic effects of a Mg-enriched microenvironment. a—c) qPCR analysis of the expression levels of
chemotactic cytokine genes (n = 3, **p < 0.01). d) Schemata of the transwell migration model. e) Cells that migrated to the lower chamber were
visualized by microscopy after crystal violet staining (n = 3, **p < 0.01). f) Cell migration was quantified by cell counting. Five random high-power
fields (HPFs) were selected in each well (**p < 0.01). g) In vivo evaluation of neovascularization. Blood perfusion in each group was detected by LDI
at different time points (n = 3). Implantation sites are circled. Relative flux intensity was calculated using LDI system software (**p < 0.01). Mice were
sacrificed on day 14, and samples were prepared for immunofluorescence staining of CD31 and o-SMA. Six random HPFs were selected in each group

for the calculation of blood vessel area (n =6, **p < 0.01).

responses occurred after incubation for 12 h, and no significant
increase in migration was observed at 24 h. In the Mg-enriched
group, obvious cell responses occurred at early time points of
incubation, and the maximum response was observed after
incubation for 24 h (Figure 5e). The cell counts confirmed the
significant differences in the migration of ECs between the Mg-
enriched group and the other two groups (Figure 5f). We fur-
ther evaluated the angiogenic effects in vivo. After subcutaneous
implantation of spheroids in nude mice, blood perfusion was
detected over time by laser Doppler imaging (LDI) (Figure 5g).
The relative flux intensity was calculated using the LDI image
analysis software. At day 3, the early time point, the blood per-
fusion in the SA-BMSC group was slightly higher than that in
the SA group but lower than that in the SA-Mg/BMSC group.
At this time point, the difference between the SA-Mg/BMSC
group and the SA group was already significant. Although blood
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perfusion increased at later time points in both the SA-BMSC
and SA-Mg/BMSC groups, the highest flux intensity was found
in the SA-Mg/BMSC group, and there was a significant differ-
ence between the SA-Mg/BMSC group and the other groups
from day 7 onward. At day 14, the degree of blood perfusion
in the SA-Mg/BMSC group increased to nearly three times that
in the SA group. Immunohistochemistry analysis of frozen sec-
tions showed the presence of more CD31-positive and a-smooth
muscle actin (0~SMA)-positive vessels in the SA-Mg/BMSC
group, and the blood vessel area was significantly different
between the SA-Mg/BMSC group and the other two groups. In
short, a Mg-enriched environment stimulated neovasculariza-
tion from days 3 to 14. Previously we found that Mg?* released
from scaffolds could directly regulate the migration of ECs to
defect region then facilitate neovascularization.l Based on this
finding, we here hypothesize that Mg?" from the Mg-enriched

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. In vivo evaluation of vascularized bone regeneration using the rat cranial defects model. a) The graph shows the radiological analysis of
samples collected 4 weeks after implantation. The yellow area indicates the defect area (n = 6). b,c) Statistical analysis of newly formed bone in the study
groups (**p < 0.01). d) Decalcified sections were stained with H&E and Masson trichrome, and newly formed bone tissues appear blue. e) Costaining
of CD31 and ALP revealed significant vascularized bone regeneration in the SA-Mg/BM group.

spheroids might be involved in the process of angiogenesis as
well. In conclusion, Mg-enriched environment may enhance
angiogenesis through directly stimulating the migration of ECs
and via upregulating the expression of VEGF in BMSCs. Fur-
thermore, the fibronectin-derived adhesion peptide arginine gly-
cine aspartic acid (RGD) and its subtypes are commonly used
to improve the cell adhesion to alginate. Studies indicate that
RGD-conjugated alginate not only improves the proliferation of
ECs, but also stimulates osteogenic differentiation of stem cells.
Introducing the RGD peptide to Mg-enriched SA spheroids may
further improve the vascularized bone regeneration.?*

2.7. In Vivo Evaluation of Vascularized Bone Regeneration
Promoted by Mg-Enriched Spheroids

In this section, the effects of Mg-enriched spheroids on
vascularized bone regeneration were investigated using the
rat cranial defects model. The samples underwent radiological
and histological analyses 4 weeks after implantation. Figure 6a
shows the results of the radiological analysis of bone formation.
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The SA-Mg/BMSC group exhibited the best bone regenera-
tion in all groups, with a large number of new bones filling in
the defects, while in the SA group, only a small amount of new
bone was observed. The regenerative effect in the SA-Mg group
was identical to that in the SA-BMSC group. The 2D sectional
micro-computed tomography (micro-CT) images showed that
the normal structure of the skull was completely reconstructed
in only the SA-Mg/BMSC group. In the SA group, fibrous tis-
sues without new bone formation was observed in most of the
defect region, as evidenced by hematoxylin and eosin (H&E)
staining (Figure 6d). Moreover, both in the SA-BMSC and SA-Mg
groups, the newly formed bone structure was disrupted by unde-
graded spheroids, while there were fewer undegraded spheroids
in the SA-Mg/BMSCs group. Previous studies indicated that
the bioactivities of cells encapsulated in gel and the phosphate
ions could accelerate the degradation of alginate.””! Therefore,
we deduced that the enhanced proliferation and ALP activity
(leading to increases in phosphate ions) of BMSC encapsulated
in Mg-enriched spheroids contributed to a faster degradation of
SA microspheres. Masson trichrome-stained sections (Figure 6d)
revealed that the cortical bone in the SA-Mg/BMSC group was
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almost completely regenerated, as evidenced by the large con-
secutive blue areas, but this did not occur in the other groups.
Furthermore, neovascularization in the different groups was eval-
uated by immunofluorescence staining of ALP and CD31, and
the results are shown in Figure 6e. The total ALP-positive area
and number of CD31-positive vessels were quite different in the
SA-Mg/BMSC group than in the other groups, implying the pro-
motion of vascularized bone regeneration in the SA-Mg/BMSC
group. Furthermore, according to the quantitative micro-CT anal-
ysis (Figure 6b,c), the bone volume/tissue volume (BV/TV) value
of the SA-Mg/BMSC group (32.425% =+ 4.337%) was significantly
higher than that of the SA-BMSC group (18.148% + 3.911%)
and the SA-Mg group (14.005% =* 2.864%), and this value was
considerably lower in the SA group (3.492% + 1.103%). Similar
results were observed by comparing the bone mineral density
(BMD) values, which indicate mineralization of new bone, in the
different groups. Although the incorporation of Mg?" or BMSCs
separated into scaffolds promoted bone regeneration to some
extent, the Mg-enriched spheroids achieved a better regenerative
effect by mimicking the bone development microenvironment.

3. Conclusion

In summary, inspired by the discovery that the expression of
MagT1, a major Mg transporter, is significantly upregulated
during bone development in mouse embryos, we success-
fully constructed a Mg-enriched 3D culture system for stem
cell delivery and bone regeneration. Upon the influx of Mg?*
via MagT1 and the subsequent activation of the MAPK/ERK
pathway, the Mg-enriched microenvironment remarkably
enhanced the proliferation, migration, and osteogenic differen-
tiation of encapsulated BMSCs and had clear effects on angio-
genesis. More importantly, when the Mg-enriched cell delivery
complexes were implanted in rat critical-sized skull defects,
significant vascularized bone regeneration was achieved after
4 weeks. Our results indicate that the construction of biomate-
rials that mimic the developmental microenvironment might
provide a tool to achieve better regenerative effects.

4. Experimental Section

Animals: Animals used in this study were provided by the Ninth
People’s Hospital Animal Center (Shanghai, China). All experiments and
related protocols performed in this study were approved by the Animal
Care and Experiment Committee of the Ninth People’s Hospital.

BMSC Isolation and Culture: Rat BMSCs were obtained from the
femurs and tibias of 3 week old Sprague Dawley rats as previously
described.?®)  Cells were cultured in high-glucose Dulbecco’s
modified Eagle medium (DMEM) (HyClone, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco, USA), 100 U mL™"
streptomycin, and 100 U mL™" penicillin at 37 °C in an atmosphere of
5% CO,. Cells at passages 2—4 and 80-90% confluency were used for
the in vitro and in vivo experiments.

In Vivo and In Vitro Evaluation of MagT1 Expression during Osteogenic
Differentiation: Mouse embryos were collected at E14.5 and fixed for 24 h.
The samples were then embedded in paraffin and sliced for histological
evaluation. Immunofluorescence staining of multiple proteins was
performed according to the manufacturer’s instructions. Briefly, specific
primary antibodies against ALP (R&D Systems, USA) and MagT1
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(Proteintech Group, Inc., USA) were applied before using donkey anti-
goat Immunoglobulin G (1gG) (Yeasen, China) and donkey anti-rabbit
1gG secondary antibodies (Yeasen, China). The CLSM (Leica, Germany)
was used for subsequent observation, and the remaining sections were
stained with H&E.

In vitro osteogenic induction was carried out using osteogenic
medium (Cyagen Biosciences, Inc., USA). BMSCs were cultured in
osteogenic medium or normal medium (control). Total RNA was
extracted with RNAiso Plus (TaKaRa, Japan), and complementary
DNA (cDNA) was synthesized using the PrimeScript 1st Strand cDNA
Synthesis kit (TaKaRa, Japan). The expression of MagT1 was detected
using reverse transcription PCR (RT-PCR), and amplification products
were examined by 1.5% agarose gel electrophoresis. The results were
confirmed by real-time qPCR (Roche, Switzerland). The housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for
normalization. Primer sequences are displayed in Table ST (Supporting
Information). Primary antibodies targeting OCN (Abcam, UK) and MagT1
(Proteintech Group, Inc., USA) were used for co-immunofluorescence.

Optimizing the Mg?* Concentration for Osteogenic Induction: To
evaluate the effect of Mg?" on cell viability, the IC5y of Mg?" was
determined. Briefly, DMEM with 1.6 x 1073, 2.5 x 1073, 5 x 1073,
10 x 1073, 20 x 1073, 40 x 1073, 60 x 1073, or 80 x 1073 m Mg?* was
created using MgCl, (Sigma, USA). Normal DMEM with 0.8 x 1073 m
Mg?* was used as a control. BMSCs were seeded in 96-well plates
at a density of 5000 cells per well. When the cells reached 90-95%
confluence, the culture medium was replaced with the aforementioned
high Mg medium (n = 6). After incubation for 24 h, 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) assays were
conducted as previously described.?’l The cell survival rate was
calculated by comparing the optical density (OD) at 490 nm (ODyg0)
of the Mg-enriched groups with the control group. Cell viability
was further confirmed by flow cytometry using an Annexin V-FITC
Apoptosis Detection Kit (BD Biosciences, USA) following the
manufacturer’s instructions. To optimize the Mg concentration for
osteogenic differentiation, BMSCs were cultured in medium containing
a series of Mg?* concentrations. First, MagT1 expression after
5 days in culture was investigated by qPCR and immunofluorescence
staining (n = 3). Actin and nuclei were stained with fluorescein
isothiocyante (FITC)-phalloidin (Yeasen, China) and 4’,6-diamidino-2-
phenylindole (DAPI) (Sigma, USA), respectively. After incubation for
5 days, BMSCs were fixed and stained with an ALP Staining kit
(Beyotime, China), and semiquantitative analysis was conducted
according to the manufacturer’s instructions. Briefly, the sample
was mixed with p-nitrophenyl phosphate (p-NPP) working solution
(Beyotime, China) at 37 °C, and the OD,os was measured. Total protein
was extracted from each sample and measured by the bicinchoninic
acid (BCA) method (Thermo Fisher Scientific, USA). ALP activity was
determined in a semiquantitative manner and reported based on the
ODyps value per milligram total protein. Moreover, OCN protein levels
were detected by western blot and immunofluorescence staining after
5 days of incubation. Total protein was extracted, separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene fluoride membranes, which were incubated
with primary antibody against OCN (Santa Cruz Biotechnology, USA)
overnight at 4 °C. Secondary antibody (diluted 1:5000) was applied
for 1 h at room temperature, and the membranes were treated with a
chemoluminescence reagent (Thermo Fisher Scientific, USA) prior
to exposure. The gray level of GAPDH was used for normalization.
Immunofluorescence staining was carried out as described above.

Analysis of the Possible Molecular Basis of Osteogenic Induction by Mg:
BMSCs were cultured in DMEM with 5 x 107 m Mg?". Samples were
collected at 0, 30, and 60 min to detect the phosphorylation of MAPK
pathway components. Primary antibodies targeting p-Erk1/2 (CST, USA),
Erk1/2 (CST, USA), p-P38 (CST, USA), P38 (CST, USA), p-JNK (CST, USA),
and JNK (CST, USA) were used in this study. Furthermore, BMSCs
were cultured in medium containing 5 x 1073 M Mg?* and 10 x 107 m
PD98059 (CST, USA). BMSCs cultured in high Mg medium without
PD98059 were used as the control group. Erk1/2 phosphorylation was
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detected by western blot, and osteogenic differentiation was evaluated
based on OCN expression and ALP activity.

Targeted Disruption of the MagT1 Gene: The CRISPR/Cas9 system
was designed by Genomeditech (China). Lentiviral transfection was
conducted according to the manufacturer’s instructions. Briefly, BMSCs
were seeded in 6-well culture plates and then infected with lentivirus
harboring antibiotic resistance at a multiplicity of infection (MOI) of 20
in the presence of 5 g mL™' polybrene. Blasticidin (10 ug mL™") and
puromycin (5 ug mL™") were used to select positive cells. Mutation of the
targeted gene was identified by gene sequencing (Genomeditech, China).

Measurement of Intracellular Mg®* in BMSCs: Mg?* entry into BMSCs
was measured as previously described.?8l Briefly, cells were incubated
in medium supplemented with 2 X 10°® m Mg-Fura-2 (Thermo Fisher
Scientific, USA) for 30 min before being washed with physiological saline
(0.9% NacCl). After incubation for another 30 min, the cells were moved
to the CLSM platform (Leica, Germany) for observation of changes in
fluorescence signals, and pictures were taken at 1 s intervals.

Osteogenic Differentiation Analysis of MagT1-Knockout BMSCs in a
Mg-Enriched Environment: After MagT1 knockout, BMSCs were cultured
in medium with 5 x 103 m Mg?". Normal BMSCs (BMSCs that were
transfected by lentivirus carrying negative control) under the same
conditions were used as controls. Activation of the MAPK/ERK pathway
was investigated by western blot, and osteogenic differentiation was
measured based on ALP activity.

Fabrication and Optimization of the Mg-Enriched 3D Culture System:
SA powder (Sigma, USA, product number is 180 947) was dissolved
in physiological saline at a concentration of 4% w/v and stirred
overnight. BMSCs were suspended in medium with a high Mg?*
concentration. After autoclaving, the alginate solution was mixed with
a BMSC suspension, and the final Mg?* concentration of the mixture
was adjusted to 2.5 x 107, 5 x 1073, or 0.8 X 10~ m as a control. The
spheroids were fabricated by dropping the mixture into a 0.1 m CaCl,
solution. After crosslinking for 2 min, the cell-encapsulated spheroids
were washed three times with physiological saline and then cultured
in DMEM for subsequent experiments. Spheroids with a diameter
of 500 um were created using a microliter syringe (Hamilton,
Switzerland), while larger spheroids were made with a normal syringe
(BD Biosciences, USA). Live/Dead assays were conducted using the
Calcein-AM/PI Double Stain Kit (Yeasen, China). Live cells stained by
Calcein-AM emit green fluorescence, while Pl-positive dead cells have
red fluorescence. After being cultured for 1 and 3 days, spheroids were
dissolved in 55 x 1073 m sodium citrate solution. The viability of cells
released from spheroids was detected by a CCK-8 kit (Dojindo, Japan)
according to the manufacturer’s instructions, as previously reported.?’!

In Vitro Osteogenic Differentiation Analysis of Encapsulated BMSCS:
To evaluate the proliferation of encapsulated BMSCs, spheroids were
cultured in medium supplemented with EdU (diluted 1:1000, 1 mg L™';
Ribobio, China). About 50 pL of spheroids from each group was collected
and mounted in OCT embedding compound for frozen sections.
Proliferating cells were labeled by EdU. Sections were stained following
the manufacturer’s instructions. Briefly, sections were incubated with
EdU staining working solution for 30 min at room temperature in the
dark. Cell nuclei were counterstained with DAPI (Sigma, USA) for 5 min.
Slides were observed by fluorescence microscopy (Olympus, Japan).
The percentage of EdU-positive cells was calculated. To investigate
the migration of encapsulated cells, BMSCs were labeled with GFP
before being encapsulated in spheroids. 3D reconstruction images
were obtained by a CLSM (Leica, Germany). The expression levels of
ALP, Runx2, Osx, and OCN in BMSCs released from spheroids were
examined by qPCR at days 3 and 5 of culture.

In Vivo and In Vitro Detection of the Angiogenic Effects of the
Mg-Enriched Microenvironment: Each group in this experiment was
analyzed in at least three replicates. For the transwell migration
model, spheroids were cultured in the lower chambers with DMEM for
2 days. Then, ECs were suspended in DMEM and seeded into the
upper chambers. After 12 or 24 h, the upper chambers were removed,
fixed in 4% paraformaldehyde, and stained with crystal violet. Five
random high-power fields (HPFs) were selected in each well to count
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cell numbers. Spheroids were implanted subcutaneously in nude mice.
Blood perfusion was measured by LDI (Moor Instruments, UK) at 1, 3, 7,
and 14 days after implantation. Relative flux intensity was calculated
using LDI image analysis software. After 14 days of implantation, mice
were sacrificed for histological examination. Samples were embedded in
OCT to generate frozen sections, and subsequent immunofluorescence
staining was performed to detect neovascularization. Primary antibodies
against CD31 (R&D Systems, USA) and o-SMA (Abcam, UK) were
applied. Six random HPFs were selected in each group to calculate the
blood vessel area. The expression of chemotactic factors, including PDGF,
SDF-1, and VEGF, in encapsulated BMSCS was measured using qPCR.

In Vivo Bioactivity Analysis of the Mg-Enriched 3D Culture System: A rat
critical-sized cranial defects model was created as previously reported to
evaluate vascularized bone regeneration.?l Two full thickness defects with a
5 mm diameter were made on both sides of the rat skull, and spheroids from
the following four groups were implanted: SA spheroids (SA), SA spheroids
with 5 x 1073 m Mg?* (SA-Mg), cell-laden spheroids (SA-BMSCs), and cell-
laden spheroids with 5 x 1073 M Mg?" (SA-Mg/BMSCs). Six samples of each
group were analyzed in the experiment. Rats were sacrificed 4 weeks after
surgery, and tissues were fixed for 24 h. Then, the samples were scanned by
an X-ray imaging system (Faxitron, USA) and a micro-CT system (LCT50,
Scanco Medical, Switzerland), and 3D reconstruction and quantitative
analysis of bone regeneration were carried out using the micro-CT system
software. After immersion in 20% ethylenediaminetetraacetic acid (EDTA)
solution for 20 days, decalcified samples were prepared for subsequent
histological examination. H&E and Masson trichrome staining (Leagene,
China) were performed according to the manufacturer’s instructions. To
further evaluate neovascularization, immunofluorescence costaining of ALP
(R&D Systems, USA) and CD31 (Novus Biologicals, USA) was conducted
following the aforementioned steps.

Statistical Analysis: All data were presented as the mean + standard
deviation. The statistical analysis was performed using the SAS 8.2
statistical software package. Comparisons between two groups were
analyzed by Student’s t-test (*p < 0.05, **p < 0.01); otherwise, one-way
analysis of variance (ANOVA) was performed, followed by Tukey's
posthoc test for multiple comparisons.
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