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ARTICLE INFO ABSTRACT

Keywords: The clinical application of bone morphogenetic protein-2 (BMP-2) is limited by several factors, including inef-

Biomaterials ) ) fectiveness at low doses and severe adverse effects at high doses. To address these efficacy and safety limitations,

E/["“e morphogenetic protein-2 we explored whether orchestration of energy metabolism and osteogenesis by magnesium ion (Mg2*) could
agnesium

reduce the dose and thereby improve the safety of BMP-2. Our results demonstrated that rapid metabolic acti-
vation triggered by BMP-2 was indispensable for subsequent osteogenesis. Moreover, inadequate metabolic
stimulation was shown to be responsible for the ineffectiveness of low-dose BMP-2. Next, we identified that
Mg?™, as an *’energy propellant”, substantially increased cellular bioenergetic levels to support the osteogenesis
via the Akt-glycolysis-Mrs2-mitochondrial axis, and consequently enhanced the osteoinductivity of BMP-2. Based
on the mechanistic discovery, microgel composite hydrogels were fabricated as low-dose BMP-2/Mg?" code-
livery system through microfluidic and 3D printing technologies. An in vivo study further confirmed that rapid
and robust bone regeneration was induced by the codelivery system. Collectively, these results suggest that this
bioenergetic-driven, cost-effective, low-dose BMP-2-based strategy has substantial potential for bone repair.

Energy metabolism
Bone regeneration

1. Introduction

To date, bone morphogenetic protein-2 (BMP-2)-based therapy is the
most widely used method for bone repair and has shown potent thera-
peutic effects [1]. However, BMP-2-based therapy is still hampered by
factors such as ineffectiveness at low doses and severe complications at
high doses [2]. To address this problem, considerable strategies, such as
gene therapy, codelivery of growth factors (GFs), and delivery system
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modifications have been developed to amplify the efficacy of low-dose
BMP-2. Gene therapy includes the delivery of BMP-2 genes or siRNA
of BMP-2 antagonists to targeted sites, leading to the appropriate
expression level of BMP-2 for the necessary duration [3,4]. Codelivery of
BMP-2 with GFs, involves PDGF, SDF-1, VEGF enhances the BMP-2 ef-
ficacy via augmentation of stem cells recruitment and angiogenesis
[5-7]. Modification of delivery system mainly focuses on improving the
loading efficiency and sustained release of BMP-2 through the design of
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biomaterials [8,9]. Nevertheless, translating these strategies from the
bench to the bed side remains challenging due to their limitations,
including safety and ethical concerns of gene editing [10], the use of GFs
without regulatory approval [11], and complicated manufacturing
procedures [9]. Therefore, a cost-effective and easy-to-follow low-dose
BMP-2-based strategy is needed.

Bone formation is a highly metabolic process, as biosynthesis and
biomineralization require large amounts of energy [12]. Emerging
studies have indicated that metabolism is no longer a bystander but
rather a key regulator that steers the outcome of bone regeneration
[13-15]. BMP-2 plays a critical role in regulating bone formation,
moreover, BMP signaling has been recently recognized to exert a regu-
latory role in energy metabolism in adipose tissue [16]. However, en-
ergy metabolism during osteogenesis remains an unexplored target of
BMP-2, and whether it could influence BMP-2-driven bone regenera-
tion is far from clear. It is worth noting that energy metabolism distur-
bances, such as diabetes mellitus, impair the outcome of BMP-2-induced
bone formation, and metabolic mediators, such as insulin, potentiate the
osteoinductivity of BMP-2 [17,18]. Therefore, we speculate that the
ineffectiveness of low-dose BMP-2 is related to the inadequate activation
of energy metabolism, and the incorporation of bioenergetic-active
factors into biomaterials that enhance cellular metabolism to thereby
meet the intense energy requirements for bone repair may be a new
strategy to improve BMP-2 efficacy.

A recent study identified that the magnesium (Mg) concentration in
mitochondria was vital to embryonic bone biomineralization, indicating
that Mg might act as a bridge between metabolism and osteogenesis
[19]. Moreover, as a cofactor of adenosine triphosphate (ATP), Mg+
regulates the main metabolic pathways, glycolysis and oxidative phos-
phorylation (OxPhos), to profoundly affect cellular function [20,21]. For
instance, by improving mitochondrial function, dietary supplementation
with Mg could promote cardiac diastolic function in subjects with dia-
betes mellitus [22]. Inspired by this, we believe that a Mg-enriched
microenvironment would increase the efficacy of low-dose BMP-2 via
the orchestration of energy metabolism and osteogenesis.

Optimal platforms are pivotal for transferring the Mg?*-based
bioenergetic-driven BMP-2 delivery system into applications for high-
performance bone regeneration. Hydrogel microgels, such as alginate
microgels, are desirable vehicles owing to their unique properties,
including good injectability, similarity to the native extracellular ma-
trix, and considerable drug loading efficiency [23]. Moreover, affinity to
divalent cations makes alginate an ideal carrier for Mg2+ [24], but some
drawbacks remain. Typically, microgels display a fast release profile of
encapsulated cargoes due to their porous structure and short diffusion
distance. Moreover, consistently retaining microgels in defect areas is
difficult due to their mobility, which may cause off-target side effects
[23]. To solve these problems, we embedded microgels into methacry-
lated gelatin (GelMA) to construct a microgel composite hydrogel.
GelMA held the microgels at defects and acted as a secondary diffusion
barrier to reduce the adverse effects of fast release, and the microgels, in
return, reinforced the physiological and mechanical properties of the
whole system.

Here, to address the safety and efficacy issues regarding BMP-2-
based therapy, a Mg?*-based bioenergetic-driven strategy was devel-
oped to improve low-dose BMP-2-driven regeneration by orchestrating
energy metabolism and osteogenesis. A series of experiments indicated
that successive activation of glycolysis and OxPhos triggered by BMP-2
was the prerequisite for subsequent osteogenesis, and inadequate energy
status resulted in the ineffectiveness of low-dose BMP-2. Mg?", as an
"energy propellant", increased the mitochondrial membrane potential
(A¥m) and upregulated the expression levels and activities of metabolic
enzymes via the Akt signaling pathway. Elevated glycolysis and OxPhos
by Mg?" increased cellular bioenergetic levels to fuel osteogenesis, and
thereby markedly promoted the osteoinductivity of BMP-2. Further-
more, the Mg?" intake through Mg?" channel mitochondrial RNA
splicing 2 (Mrs2) facilitated the promotional effects of Mg?". Based on
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these findings, microgel composite hydrogels with Mg?* as an energy
propellant were fabricated as a low-dose BMP-2 delivery platform
through microfluidic and 3D printing technologies (Schematic 1).
Finally, high-performance bone regeneration induced by the delivery
platform was observed in an animal model. Taken together, our Mg?*-
based bioenergetic-driven strategy provides new approaches for effec-
tive BMP-2-based therapy.

2. Experimental section

Animals: C57BL/6 mice and Sprague-Dawley (SD) rats were pro-
vided by Ninth People’s Hospital Animal Center (Shanghai, China). All
the experimental procedures utilized in the present study were approved
by the Animal Care and Experiment Committee of the Ninth People’s
Hospital.

BMSC isolation and culture: Rat bone marrow stem cells (BMSCs)
were isolated from 3-week-old SD rats and cultured as previously
described [25]. Briefly, cells were washed from femurs and tibias and
cultured in complete growth medium comprising low-glucose Dulbec-
co’s modified Eagle medium (DMEM) (HyClone, USA), 10% fetal bovine
serum (Gibco, USA), and 1% streptomycin and penicillin (HyClone,
USA) at 37 °C in a 5% CO-, atmosphere. Cells at passages 2—4 were used
for the subsequent experiments.

In vitro optimization of the synergistic concentrations of BMP-2
and Mg?": To verify the optimal Mg?! concentration, BMSCs were
cultured in DMEM with Mg?" at gradient concentrations (1.6 x 1073,
25%x1073,5x 103,10 x 1073, 20 x 103 mol L™!) and 100 ng mL™*
rh-BMP-2 (Rebone, China). DMEM with 0.8 x 10~ mol L™ Mg?" was
used as a control. For each group in each experiment, 3 replicates were
performed. After incubation for a week, alkaline phosphatase (Alp)
staining was conducted with an Alp staining kit (Beyotime, China) in
accordance with the manufacturer’s instructions. For quantitative
analysis of Alp activity, Alp semiquantitative assays were performed via
an Alp semiquantitative kit (Beyotime, China) according to the sup-
plier’s instructions, and the Alp activity was calculated based on the
optical density (OD) at 405 nm per milligram of total protein. Total RNA
was extracted using RNAiso Plus (TaKaRa, Japan) and then reverse-
transcribed into complementary DNA (cDNA) for subsequent qPCR as-
says. The expression of osteogenesis-related genes was analyzed via the
2745CT method. The primer sequences used in the experiments are
provided in Table S1 (Supporting information). To evaluate the pro-
motional effects of Mg?* on low-dose BMP-2, we fixed the Mg?* con-
centration at 5 x 102 mol L', and the BMP-2 concentration decreased
from 100 to 20 ng mL 1. Alp staining and Alp semiquantitative analyses
were carried out after one week of incubation. For mineralization
analysis, Alizarin red S staining (ARS) was performed with 0.1% Alizarin
red S (Sigma, USA) at 14 days after treatment. For quantitative analysis,
Alizarin red S was dissolved in 10% cetylpyridinium chloride (Sigma,
USA) for 60 min at room temperature. The calcium concentrations were
determined by the OD value at 562 nm. The quantitative result was
expressed as absorbance ODsgy values per milligram of total protein.
Moreover, the expression level of the osteogenesis marker osteocalcin
(Ocn) was detected 7 days after induction with Mg2+ and different
concentrations of BMP-2 via immunofluorescence staining. BMSCs were
fixed and incubated with a primary antibody targeting Ocn (1:200
dilution, Proteintech, 23418-1-AP, USA) at 4 °C overnight. An Alexa
Fluor 594-conjugated donkey anti-rabbit secondary antibody (1:200
dilution, Yeasen, 34212ES60, China) was used before the cell cytoskel-
eton and nuclei were stained with FITC-phalloidin (Yeasen, China) and
4',6-diamidino-2-phenylindole (DAPI; Solarbio, China).

Subcutaneous implantation of BMP-2/Mg>" microbeads and rele-
vant radiological/histological evaluations: BMP-2 solution at different
concentrations was dissolved in 6% (w/v) sodium alginate (SA) solution
with 5 x 1073 mol L™! Mg?". The final concentrations of BMP-2 were 0,
20, 50, and 100 pg mL~'. The microbeads were fabricated by dropping
the mixture into 0.1 mol L™ CaCl, and then injected subcutaneously
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into mice (3 replicates in each group). Seven and fourteen days after
implantation, the mice were sacrificed for angiogenesis and osteogenesis
evaluation, respectively. Radiological imaging and quantitative analysis
of bone formation were performed using a micro-CT system (pCT50,
Scanco Medical, Switzerland). For histological analysis, samples were
decalcified with a 20% EDTA solution, embedded in paraffin and sliced.
H&E and Masson trichrome staining (Leagene, China) were conducted
according to the manufacturers’ protocols. Furthermore, the sections
were incubated with Alp (1:50 dilution, R&D Systems, AF2910, USA),
phosphofructokinase 1 (Pfk1l) (1:100 dilution, Novus, NBP2-75578,
USA), isocitrate dehydrogenase 2 (Idh2) (1:100 dilution, Novus,
NBP2-22166, USA), and CD31 (1:50 dilution, R&D Systems, AF3628,
USA) primary antibodies, and images were captured by fluorescence
microscopy (Olympus, Japan).

Assessing the relation between energy metabolism and BMP-2-
based osteogenesis: The oxygen consumption rates (OCRs) and the
extracellular acidification rates (ECARs) were monitored by a Seahorse
XF24 analyzer (Agilent Technologies, USA). BMSCs induced by 100 ng
mL~! BMP-2 were analyzed as the designated time points. Briefly, cells
were seeded in XF24 microplates (Agilent Technologies, USA) at 10°
cells per well and stabilized overnight. For the OCRs test, oligomycin,
carbonyl cyanide 4- (trifluoromethoxy) phenylhydrazone (FCCP) and
rotenone/antimycin A (Rot/AA) were sequentially injected at final
concentrations of 1 x 107® mol L™, Alternatively, a glycolysis test was
performed via the sequential addition of glucose (10 x 10~3 mol L™1),
oligomycin (1 x 107% mol L™ and 2-DG (50 x 1072 mol L™Y). Data
were normalized to seeded cell number, and key parameters of mito-
chondrial oxygen consumption and glycolysis were calculated as pre-
viously described [26,27]. To further investigate the gene expression
profile during stimulation, total RNA was extracted from BMSCs at the
designated time point, and cDNA was synthesized for gPCR analysis. The
primer sequences used are provided in Table S1. Moreover, 2-deoxyglu-
cose (2-DG) (50 x 1072 mol L™!) and LW6 (30 x 107 mol L") were

Glucose
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Schematic 1. By orchestrating energy
metabolism and osteogenesis, the
- bioenergetic-driven microgel composite

= hydrogel with Mg?* as an energy propellant
constructed herein was shown to improve
low-dose BMP-2-driven bone regeneration.
A) Using microfluidic devices and a water-
in-oil strategy, methacrylated alginate
(AIMA) microgels containing Mg?" and
BMP-2 were fabricated. The microgels were
then embedded in GelMA for the subsequent
3D printing of a microgel composite hydro-
gel scaffold. B) "Propelled” by BMP-2 and
Mg?*, the hydrogel functioned as a "cell
shuttle" to drive the osteogenic differentia-
tion of host stem cells. C) Mg?*, as the "en-
ergy propellant” of the "shuttle", significantly
improved the osteoinductivity of BMP-2 by
activating the main metabolic pathways to
thereby fuel the bioenergetic demand
related to osteogenesis.

added to the medium to inhibit glycolysis and the TCA cycle, respec-
tively. Seven days later, total protein was collected for Western blot
analysis. A specific primary antibody against Ocn (1:200 dilution, Santa
Cruz, sc-390877, USA) was used to evaluate osteogenic differentiation,
actin (1:1000 dilution, CST, 3700S, USA) was used for normalization,
and biomineralization was analyzed via ARS and quantitative assay. For
signaling pathway investigation, Akt and p-Akt antibodies (1:1000
dilution, CST, 9272S, 9271T, USA) were used to confirm the phos-
phorylation of the Akt protein. Furthermore, the Akt inhibitor MK2206
(0.1 x 10~® mol L™}, MCE, USA) was applied to elucidate the influence
of the Akt pathway on BMP-2-triggered metabolic alterations and
osteogenesis. To evaluate energy production in BMSCs treated with
MK2206, intracellular ATP levels were determined with an ATP assay kit
(Solarbio, China) according to the manufacturer’s instructions. Briefly,
on day 7, the BMSCs culture medium was replaced with fresh complete
growth medium 1 h before detection. The cell lysate was added to plates
and mixed with a working solution. The relative intracellular ATP level
was determined based on the ODs349 normalized to the mass of the
samples. For osteogenic differentiation, Alp staining and quantitative
assay of BMSCs with MK2206 were performed on day 7. To verify the
dose-dependent effects of BMP-2 on metabolic reprogramming, media
containing 0, 20, 50, and 100 ng mL~! BMP-2 were utilized. Total
protein was collected at 15, 30, and 60 min after exposure to BMP-2 for
the detection of Akt phosphorylation. The protein expression levels of
Pfk and Idh were evaluated by immunofluorescence staining with the
antibodies mentioned above. A JC-1 kit (Solarbio, China) was used to
measure the A¥m of BMSCs according to the supplier’s instructions.
JC-1 aggregated in mitochondria with a high AYm and emitted red
fluorescence, and green fluorescence indicated free JC-1 in mitochon-
dria with a low A¥m. For each group in seahorse analysis, 8 replicates
were performed; while 3 replicates for each group in other experiments.

Impacts of Mg?>" on BMP-2-induced metabolic alteration: Mea-
surement of Mg?" entry and mitochondrial Mg?* intake was conducted
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through confocal laser scanning microscopy (CLSM, Leica, Germany).
BMSCs were incubated with the Mg?t probe Mag-Fluo-4 AM (2.5 x
10 ®mol L1, green fluorescence, MKBio, China) and the mitochondrial
indicator MitoTracker Red CMXRos (0.5 x 10~° mol L’l, Yeasen, China)
in growth medium at 37 °C for 30 min. Then, the cells were washed
twice with Ca®" and Mg?*-free HBSS, and the medium was refreshed.
After 40 s of baseline recording, PBS or BMP-2 was added, and after 240
s, 10 x 1073 mol L™ Mg?* was added. Moreover, the dynamic changes
in Mg?" fluorescence intensity in 10 random mitochondrial regions were
calculated via CLSM software. The OCRs, ECARs, gene expression pro-
file, activation of the Akt pathway, and intracellular ATP level in BMSCs
were detected in accordance with the aforementioned protocols after 7
days of incubation with 20 ng mL~! BMP-2 with or without 5 x 107>
mol L~! Mg?*. For the quantitative analysis of A¥m, cells were stained
with JC-1 solution at 37 °C for 20 min, and cell sorting was then carried
out on a flow cytometer (MoFlo XDP, Beckman, USA). The relative A¥m
was calculated by the ratio of the mean intensities of red and green
fluorescence. The activities of metabolic enzymes were determined with
Pfk, pyruvate dehydrogenase (Pdh), and Idh activity assay kits (Solarbio,
China) after 7 days of stimulation, and data were normalized to the mass
or total protein of samples in accordance with the suppliers’ protocols.
The targeted knockout of Mrs2 was carried out using the CRISPR/Cas9
system (Genomeditech, China), and mutations in the Mrs2 sequences
were identified by gene sequencing (Genomeditech, China). To evaluate
the effects of Mrs2 disruption on BMP-2/Mg-induced metabolic and
osteogenic alterations, dynamic imaging of Mg?" influx and mitochon-
drial Mg?" uptake, ATP production, Alp staining and quantitative
analysis were performed. For each group in seahorse analysis, 6 repli-
cates were performed; while 3 replicates for each group in other
experiments.

Fabrication and characterization of microgel composite hydrogels:
Microgels were fabricated using a water-in-oil strategy via a microfluidic
technique. Briefly, a 6% (w/v) AIMA (EFL, China) solution containing
BMP-2 and Mg?* was dispersed in corn oil (Sigma, USA) mixed with 1 wt
% Span 80 (Sigma, USA). The flow rate of the oil phase (Q,) was fixed at
10 mL h™?, and the flow rate of the aqueous phase (Q,q) was varied to
optimize the diameter of the microspheres. The droplets were exposed to
UV radiation at the outlet of the microfluidic device (MesoBioSystem,
China) for gelation and then washed with distilled water and embedded
in 6% (w/v) GelMA (EFL, China) for 3D printing (Bioscaffold3.1, GeSiM,
Germany). Microgel morphology was assessed using a brightfield mi-
croscope (Olympus, Japan) and NIH ImageJ software (100 microgels per
group). The swelling behavior and degradation of hydrogels with
different AIMA microgel contents were detected as previously described
[28,29]. The hydrogels were subjected to compression analysis after
reaching swelling equilibrium via a universal testing machine (HY-0230,
Hengyi, China) at a speed of 10 mm min . The rheological properties of
the hydrogels were assessed via a rotation rheometer (HAKKE MARS 60,
Germany). For strain-sweep tests, at a temperature of 37 °C and a fre-
quency of 1 Hz, the shear strain was gradually increased from 0.1% to
1000%. The tests were conducted three times. The release of BMP-2 and
Mg2+ was measured with ELISA kits (R&D Systems, USA) and Quati-
Chrom magnesium assay kits (BioAssay Systems, USA). First, the
microgel washing liquid was collected to calculate the loading efficiency
as previously described [30]. Then, 500 pL of the microgels and com-
posite hydrogel with the same concentrations of BMP-2 and Mg was
immersed in 500 pL of PBS supplemented with 1% streptomycin and
penicillin at 37 °C. At the designated time points, the supernatant was
collected for BMP-2 and Mg?" measurement. To evaluate the distribu-
tion of microgels in the hydrogel, red fluorescence-conjugated AIMA
(EFL-FL-Alg-R, EFL, China) was observed under a fluorescence micro-
scope. The biocompatibility tests were performed 14 days after the
BMSCs were seeded on the composite hydrogels. In brief, the hydrogels
were washed with PBS and fixed with 4% paraformaldehyde for 30 min
at room temperature. A primary antibody targeting osteopontin (Opn)
(1:50 dilution, R&D Systems, AF808, USA) was used to evaluate

119

Bioactive Materials 18 (2022) 116-127

osteogenic differentiation. For swelling and compression tests, 4 repli-
cates were conducted in each group; for degradation test, 4 samples
were involved in each group at designed time point, while 3 replicates
were performed in other experiments.

In vivo assay of the regenerative efficacy of Mg’ -based
bioenergetic-driven BMP-2 delivery platforms: Six-week-old SD rats
were used to construct a critical cranial defect model. Two full-thickness
defects with a diameter of 5 mm were made on both sides of the rat skull,
and hydrogels from the following five groups (5 replicates in each
group) were implanted: GelMA-encapsulated AIMA microgels (Control),
GelMA-encapsulated AIMA microgels with 20 pg mL™! BMP-2 (0.8 pg),
GelMA-encapsulated AIMA microgels with 20 pg mL~! BMP-2 (0.8 pg)
and 5 x 1073 mol L™! Mg?* (4.8 pg), and GelMA-encapsulated AIMA
microgels with 50 or 100 pg mL™! BMP-2 (2 pg and 4 pg of BMP-2,
respectively). Defects without hydrogels were taken as blank controls.
Samples were harvested at 4 weeks after surgery and subjected to X-ray
imaging (Faxitron, USA) and micro-CT analysis. The samples were then
decalcified in a 20% EDTA solution and embedded in paraffin for sub-
sequent histological examination. H&E, Masson trichrome and immu-
nofluorescence staining were conducted according to the
manufacturers’ instructions. To further evaluate osteogenesis, 4 random
images from each group were selected to calculate the positive areas of
Opn and Sp7 (1:200 dilution, Abcam, ab209484, UK) via NIH ImageJ
software.

Statistical analysis: All data are displayed as the mean + standard
deviation. Statistical analyses were performed using GraphPad Prism 8
statistical software (GraphPad, USA). The normality distribution of the
data was confirmed through the Shapiro-Wilk test, while the outlier was
identified by Grubbs’ test. Significant differences were indicated by p <
0.05 or p < 0.01 as determined by Student’s t-test or one-way analysis of
variance (ANOVA) followed by Tukey’s post-hoc test for multiple
comparisons.

3. Results and discussion

3.1. Optimization of synergistic concentrations of BMP-2 and Mg>" in
vitro

As previous studies reported, a moderate Mg?"-enriched environ-
ment exerted positive effects on osteogenesis, while a high concentra-
tion of Mg2+ (i.e., 16 x 1072 mol L) inhibited the activities of
osteoblasts [31,32]; thus, the influence of Mg2+ on the osteogenesis of
BMSCs was strongly dose-dependent. Hence, to determine whether
Mg?" exerts a regulatory effect on BMP-2-mediated osteogenesis, we
cultured BMSCs in medium containing BMP-2 and different concentra-
tions of Mg?* ranging from 1.6 to 20 x 10~> mol L™}, and BMP-2 with a
physiological Mg?* concentration (0.8 x 103 mol L™!) was used as the
positive control. The activity of Alp and the expression levels of
osteogenesis-related genes in each group were evaluated. As shown in
Fig. 1A and Fig. S1, when the concentration of BMP-2 was fixed at 100
ng mL~}, the activity of Alp gradually increased as the Mg?" concen-
tration increased, and Alp exhibited the highest activity at a Mg+
concentration of 5 x 107> mol L™, Further increasing the Mg?* con-
centration led to a decrease in the activity of Alp, and when the Mg?*
concentration exceeded 10 x 10~> mol L™}, the activity of Alp gradually
decreased to the level of that in the positive control group. As expected,
the changes in osteogenic gene expression showed a similar trend,
exhibiting a reverse U-shaped curve with a peak at 5 x 10> mol L™!
Mg2+ (Fig. 1B i-iv). As a result, we selected 5 x 1073 mol L ! as the
optimum Mg2+ concentration to improve the BMP-2-driven osteo-
genesis. Next, to determine whether Mg?" could enhance the efficacy of
low-dose BMP-2, BMSCs were induced by different doses of BMP-2
together with Mg?™ at a concentration of 5 x 10~ mol L™!. Alp stain-
ing and ARS were employed to detect BMSC mineralization. Fig. 1C
displayed the significant dose-dependent effects of BMP-2 on osteogenic
differentiation of BMSCs. As the BMP-2 concentration decreased, the
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Fig. 1. In vitro evaluation of the effects of Mg?*"

on BMP-2-mediated osteogenic differentiation. A) Alp staining of BMSCs treated with medium containing BMP-2 and

gradient concentrations of Mg?". B) qPCR analysis of osteogenic gene expression in BMSCs. (** and ## represent p < 0.01 in comparison with the Con and BMP-2
groups, respectively). C) Alp staining and ARS of BMSCs induced by different doses of BMP-2 with or without an Mg-enriched environment. D) Immunofluorescence

staining of the Ocn protein in BMSCs. E) Semiquantitative analysis of Alp activity in BMISCs to verify the promotional effects of Mg?*

on BMP-2-based osteogenesis.

(# and * represent p < 0.05 in comparison with the 50 and 20 ng mL ™! groups, respectively; Aa represents p < 0.01 in comparison with the 20 ng mL~! + Mg group).

efficacy of BMP-2 declined drastically, and the mineralization level
induced by 20 ng mL~! BMP-2 was similar to that induced by Mg?*
alone. Nevertheless, the biomineralization in the groups induced by
BMP-2 and Mg-enriched environments was markedly stronger than that
in the groups treated with BMP-2 at the same concentration. Detection
of the protein expression of Ocn, an osteogenic marker, further
confirmed the upward tendency in the Mg-enriched groups (Fig. 1D).
Notably, quantitative analysis of Alp activity and ARS revealed that
Mg?" increased the osteogenic bioactivity of 20 ng mL~' BMP-2 to a
higher level than that achieved with 50 ng mL™" and close to that ach-
ieved with 100 ng mL™! (Fig. 1E, Fig. S2). Based on the above results,
Mg>t showed great potential for improving the efficacy of BMP-2 for
osteogenesis in vitro, and 5 x 1072 mol L™! was considered to be the
optimum concentration for establishing the Mg-enriched environment.

3.2. The promotional effect of Mg>* on BMP-2 efficacy was related to an
increase in metabolic activities

Encouraged by the in vitro results, we further investigated the
osteoinductivity of BMP-2/Mg>" codelivery in vivo using a subcutane-
ous ectopic bone formation mouse model. SA is an ideal GFs delivery
vehicle due to its easy gelation process and maintenance of GFs bioac-
tivity [33]. Moreover, its affinity for divalent cations makes it an
attractive carrier for Mg?". Hence, we fabricated SA microbeads
encapsulating BMP-2 (final concentration varied from 20 pg mL™! to
100 pg mL™Y) with or without Mg?* (final concentration was 5 x 10>
mol L’l) for subcutaneous injection (Fig. 2A). The samples were
collected at 2 weeks after surgery for radiological and histological an-
alyses. Radiological imaging demonstrated that new bones were rarely
observable in the groups without BMP-2, possibly owing to the lack of
host stem cell recruitment initiated by BMP-2. Although decreases in the
BMP-2 dose markedly compromised ossification, the Mg-enriched
environment sharply promoted bone formation in the low-dose BMP-2
groups (Fig. 2B and C). Notably, in contrast to the 20 pg mL™! group,

120

robust bone formation was observed in the 20 pg mL~! + Mg group,
which was superior to that in the 50 pg mL ™! group and similar to that in
the 100 pg mL~! group. Moreover, though there was more bone for-
mation in 50 pg mL~! + Mg than 20 pg mL™! + Mg groups, the differ-
ence between the two groups was not significant. It was worth noting
that a dramatic increase of newly formed bone induced by Mg?* addi-
tion was observed at 20 pg mL ™! BMP-2; when the doses increased, the
promotional effects of Mg?" on BMP-2 were not quite obvious. We
deduced that Mgt exerted a different level of promotional effects on
cells activated by different doses of BMP-2, leading to the no significant
difference between 50 pg mL™! + Mg and 20 pg mL™! + Mg groups.
Accordingly, histological analysis also revealed more new bones and a
more active bone formation process around the microbeads in the
BMP-2/Mg codelivery groups than in the other groups (Fig. 2D).
Interestingly, as indicated by the arrows in Fig. 2D, numerous blood
vessels were formed in the new bone area, and vascularization was
rather obvious in the Mg-enriched groups. Angiogenesis evaluation was
further performed via immunofluorescent staining of CD31, a well-
recognized marker for vascular endothelial cells [34], of samples
collected a week after surgery (Fig. S3). Accordingly, the CD31 positive
area increased as the BMP-2 doses increased, and there were more
CD31" blood vessels in Mg-enriched groups than BMP-2 alone groups. It
is well known that the bone vasculature plays a significant role in sup-
plying the nutrients and oxygen needed for bone formation, and
increased blood perfusion might represent an adaptive response to
increased energy demand. To explore the metabolic status in the
bone-forming area, we conducted colocalization analysis on Alp with
markers of glycolysis and the tricarboxylic acid (TCA) cycle, including
the rate-limiting enzymes Pfk and Idh. No obvious Pfk or Idh expression
was detected in the limited Alp-positive region in the 20 pg mL~! group,
while the expression levels of metabolic enzymes in the abundant
Alp-positive area increased as the BMP-2 dose increased, suggesting a
strong relationship between bone formation and energy metabolism
(Fig. 2E). Notably, a recent study reported that energy metabolism
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Fig. 2. The Mg-enriched environment resulted in robust ectopic bone formation in the low-dose BMP-2 groups in vivo and elevated expression levels of metabolic
enzymes in the bone forming area. A) Schematic of the fabrication and subcutaneous injection of BMP-2/Mg>* microbeads. B) The newly formed bone tissues were
evaluated by micro-CT. C) The results of quantitative micro-CT analysis. (* represents p < 0.05 in comparison with the 50 pg mL~"! group, while ## represents p <
0.01 compared to 20 pg mL~' + Mg group). D) Hematoxylin and eosin (H&E), Masson trichrome, and immunofluorescence staining of the bone sections. The arrows
in the images indicate the blood vessels. E) Colocalization analysis of Alp and key metabolic enzymes, Pfk and Idh, by immunofluorescence staining.

disturbances, such as diabetes mellitus, impaired BMP-2-induced bone
formation [17]. Taken together, we deduced that an inactive metabolic
state was responsible for the reduced bone formation after treatment
with low-dose BMP-2. More importantly, Mg?* significantly elevated
the bioenergetic level, as evidenced by the higher expression levels of
metabolic enzymes in the Alp-positive area in the Mg-enriched groups
than in the other groups. Mg2" plays a vital role in energy metabolism as
a cofactor of ATP and consequently influences the functional states of
cells. For instance, a previous study revealed that dietary Mg supple-
mentation improved mitochondrial dysfunction to protect cardiac cells
in a diabetes model [22].Based on these findings, we believe that the
promotional effects of Mg*" on BMP-2-driven bone formation are
closely related to its stimulation of metabolic influx. However, the
relationship among energy metabolism, Mg?t and BMP-2-based osteo-
genesis has not been fully elucidated and needs to be further
investigated.

3.3. The rapid metabolic reprogramming triggered by BMP-2 was
indispensable for subsequent osteogenesis

To elucidate the relationship among BMP-2-driven osteogenesis,
energy metabolism, and Mg?*, we first investigated the relation between
BMP-2 and cellular metabolism. Here, to dynamically monitor

metabolic adaptation during BMP-2 induction, we sequentially detected
OCRs and ECARs of BMSCs. At the early stage of induction, mitochon-
drial oxygen consumption was increased only slightly, while the
glucose-induced glycolysis and glycolysis capacity rapidly surged to
levels that were 2.2-fold and 1.8-fold higher than those in the quiescent
state, respectively. From day 3 onward, the BMSCs began to exhibit an
intensive oxygen demand, and drastic increases in both mitochondrial
oxygen consumption and glycolysis were observed on day 7 (Fig. 3A and
B). These findings proved that BMP-2 could trigger rapid metabolic
reprogramming, characterized by the successive activation of glycolysis
and OxPhos. In agreement, the expression levels of osteogenesis- and
metabolism-related genes, including the rate-limiting enzymes of
glycolysis and the TCA cycle, and the mitochondrial electron transport
chain complex were concomitantly increased during BMP-2 induction
(Fig. 3C). In particular, glycolytic enzymes were upregulated before
OxPhos- and osteogenesis-related genes. Glycolysis and OxPhos are the
two basic pathways for energy production, and glycolysis gives rise to
less but faster ATP production than OxPhos [35]. We speculated that the
rapid activation of glycolysis was a quick response to the acute energy
demand for subsequent osteogenesis, while the later strong surge in
OxPhos was responsible for the higher bioenergetic level as the degree of
osteogenic differentiation intensified. Additionally, the impairment in
BMP-2-induced osteogenic differentiation after the pharmacological
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Fig. 3. BMP-2 dose-dependently triggered rapid metabolic reprogramming, which played a decisive role in subsequent osteogenic differentiation. A) Seahorse assay
of the OCRs and ECARs of BMSCs during BMP-2 induction. B) Charts depicting the primary parameters calculated from the above Seahorse assay curves. C) Heatmap
showing the gene expression profile during BMP-2-mediated osteogenic differentiation. (* and A represent p < 0.05 in comparison with the control and 3d groups,
respectively; **, ## and AA represent p < 0.01 in comparison with the control, 1d and 3d groups, respectively). D, E) Inhibition of glycolysis and the TCA cycle by 2-
DG and LW6 substantially impeded the expression of the Ocn protein and biomineralization. F) BMP-2 stimulated significant phosphorylation of the Akt protein. G,
H) ATP synthesis was disrupted and Alp activity was reduced after the treatment of BMSCs with BMP-2 and the Akt inhibitor MK2206 (Akti) (** represents p < 0.01
in comparison with the BMP + Akti group). I) BMP-2 activated the Akt pathway in a dose-dependent manner. J) Evaluation of metabolic enzymes in BMSCs treated
with different doses of BMP-2 by immunofluorescence staining. K) JC-1 analysis of the mitochondrial membrane potential (A¥m) as an indicator of the cellular
metabolic state. J-agg indicates cells with aggregated JC-1 (red fluorescence) and high A¥m, while j-free indicates cells with free JC-1 (green fluorescence) and

low A¥m.

inhibition of glycolysis and the TCA cycle by 2-deoxyglucose (2-DG) and
LW6 further emphasized the importance of energy metabolism in the
osteogenic process (Fig. 3D and E; Fig. S4). Next, we attempted to
identify the downstream signaling pathway of BMP-2-triggered meta-
bolic reprogramming. The Akt pathway attracted our attention because
it is not only involved in osteogenesis but also an important regulator of
metabolic processes [36,37].Western blot analysis revealed that the
enhanced phosphorylation of Akt occurred less than 15 min after BMSCs
were treated with BMP-2 (Fig. 3F). Blocking the phosphorylation of Akt
with MK2206 (Fig. S5A) markedly reduced cellular ATP production
(Fig. 3G) and consequently hampered the osteogenesis of BMSCs
(Fig. 3H, Fig. S5B). Importantly, BMP-2 triggered metabolic alterations
in an obvious dose-dependent manner. Only slight Akt activation was
induced by 20 ng mL~! BMP-2, and the elevation in phosphorylation
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was limited despite the increase in the induction time (Fig. 3I). Simi-
larly, the Pfk and Idh protein expression levels decreased as the BMP-2
dose decreased (Fig. 3J). A¥Ym is the main chemical driving force for
ATP synthesis and reflects the cellular metabolic status. To evaluate the
metabolic status of BMSCs under different BMP-2 treatments, 5,5,6,
6’-tetrachloro-1,1’,3,3'-tetraethylbenz-imidazolylcarbocyanine  iodide
(JC-1) was used to determine the A¥Ym. The dye aggregates in mito-
chondria with high AYm emit red fluorescence, and those in the free
form emit green fluorescence. As shown in Fig. 3K, as the BMP-2 dose
increased, the green fluorescence gradually decreased, and a consider-
able increase in red fluorescence was observed, especially in the 100 ng
mL~! group, which exhibited the highest red fluorescence intensity.
Moreover, the increase in AWm drastically enhanced ATP production as
the BMP-2 concentration increased, whereas only a slight increase in the
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ATP level was observed in the 20 ng mL™! group (Fig. S6). Taken
together, these findings proved that BMP-2 could dose-dependently
trigger rapid metabolic reprogramming, characterized by the succes-
sive activation of glycolysis and OxPhos, which was indispensable for
subsequent osteogenic differentiation. Moreover, the compromised ef-
ficacy of low-dose BMP-2 was strongly related to inadequate activation
of the metabolic state.

Bioactive Materials 18 (2022) 116-127

3.4. Mg>" promoted the efficacy of low-dose BMP-2 by elevating the
bioenergetic level

As proven above, energy metabolism plays an indispensable role in
BMP-2-induced osteogenesis. Next, we assessed whether the promo-
tional effects of Mg?t were related to its regulatory effects on cellular
metabolism. First, we evaluated intracellular Mg?t dynamics during
BMP-2 induction. Briefly, BMSCs were incubated with mitochondrial
markers (red fluorescence) and Mg2+ probes (green fluorescence) before

B
(-]

T N e COn
E £ 30 o
3 z —e—20+Mg
H E 20
% [
<
o S 10
° w
+ 0
40 80 120 160
Time(min)
Mg?* 1 in mitoch dria - Basal respiration ATP-link Maxi irati ycoly Glycoly
£ 40 T 40 <80 15 40
z 2 £ Ea Eeo £ Es
260 |PBS | Mg* G50, |BMP2 Mg s 3 3 T 10 3
[ ° E 20 £ 20 E 40 LS & 29
£ 100 2 & s E E
=30 = & 10 X 10 Ezo . E 510
'g e .g 50 o CI ) (-] ‘||',.| 0 |‘u’ [}
- -
3 5 0 F 15 30 60 minG . 20 . 20+M,
s 150 300 ¢ 150 300 50 F w F v v
Time(s) Time(s) Mg . + . + . & bt 1ot
= Akt
Akt -
20 || 20+mg |
® Hk 10" 10 | 10°  10° 10
- H FIT!
3 Pk > » H
'8 | Gapdn g fe 8 £a Se
S B Con 3 # H # w| g N | 2
8| P 94 1| sa ¢ s g4
= =
= . 2 g £ v el <[ E2 RIS
8 24 0 2 ° >2
S [ Fdhat H20+mg & 2 2 21 &
[ Cs 0 So 0 To )
o ] [
o & g
< Idh
gL Ogdh 1 Mg?* signal in mitochondria J
B Knockout z« ‘?
[ Nd1 b ENormai @ 60 {BMP2 | Mg* G450 |BMP2 (Mg* _ 4
Na2 g : |
Nd3 5 = £100 E
2
< | No4 ” g 30 g 2
Z( Naa s . € 50 E 1
; T [ ey <
] Nd5 *x *
= E o 150 300 € o 150 300 o
= Nas 2 B Time(s) Time(s)
Cyb *x K
Knockout Normal
Cox1 " P ‘
BMP-2 ~ + *
Cox2 * ## Mg?* + +
Cox3 [ *x ##
ATP-6 | e ”
- ATP-8 -
s
SN
-2-101 2 ’:z*«

Row Z-Score

Fig. 4. The promotional effects of Mg?" on BMP-2 resulted from its stimulatory effects on cellular metabolism via the Akt-glycolysis-Mrs2-mitochondrial axis. A)
Representative images of intracellular Mg>" dynamics as detected by the Mag-green probe (red fluorescence represents mitochondria). B) Dynamic detection of Mg-
green intensity in the mitochondrial region. C) Seahorse analysis of the OCRs and ECARs alterations in BMSCs induced by 20 ng mL ™! BMP-2 with or without Mg?*
for 7 days. BMSCs cultured in normal medium served as the control. D) Key parameters calculated from the above Seahorse assay curves. E) Heatmap depicting the
expression profile of metabolic genes. F) Mg?* addition stimulated the phosphorylation of Akt. G) Analysis of A¥m by flow cytometry. Cells in the upper left region
exhibited a high A¥m, while cells in the lower right region had a low A¥Ym. H) Charts depicting the relative A¥m as determined by measuring the mean fluorescence
intensity, the activities of metabolic enzymes, and ATP synthesis in the different groups (* and # represent p < 0.05, while ** and ## represent p < 0.01 in
comparison with the control and 20 ng mL ™! groups, respectively). I) Changes in the Mg-green intensity in the mitochondria of normal and Mrs2 knockout BMSCs. J)
Mirs2 knockout markedly suppressed ATP production in BMSCs treated with BMP-2 and Mg?". (** represents p < 0.01). K) Alp staining of normal and mutant BMSCs.

L) Mechanism of the stimulatory effects of Mg?* on the efficacy of BMP-2.
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exposure to BMP-2. Intriguingly, BMP-2 triggered a vigorous and rapid
increase in the cytosolic Mg-green signal and the aggregation of green
fluorescence in the red area, indicating Mg?" influx and mitochondrial
Mg?* intake. The addition of Mg?" further strengthened this tendency in
the BMP-2 group (Fig. 4A and B). These results suggested a close relation
between Mg?"™ and BMP-2-induced bioactivities. Second, we examined
metabolic alterations after culturing BMSCs with relatively low-dose
BMP-2 and Mg?* for 7 days. As expected, the addition of Mg?* stimu-
lated the most vigorous mitochondrial oxygen consumption and
glycolysis in BMSCs among all the groups (Fig. 4C and D). Then, we
explored the mechanism underlying the promotional effects of Mg?*

cellular metabolism. Almost all of the expression levels of metabolic
genes involved in glycolysis and OxPhos were remarkably upregulated
to a greater extent in the Mg-enriched group than in the group treated
with BMP-2 alone (Fig. 4E). The protein levels of the metabolic enzymes
were consistently upregulated (Fig. S7). Considering reports that im-
plants containing Mg enhanced osteointegration via the Akt pathway
[38], we examined the impacts of Mngr addition on the activation of Akt
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signaling. Western blot analysis showed that the Mg-enriched environ-
ment favored the phosphorylation of Akt, and the phosphorylation level
increased as the incubation time increased (Fig. 4F). In addition, we
quantitatively analyzed A¥Ym in combination with JC-1 staining and
flow cytometry. As shown in Fig. 4G, significantly more cells with high
AWm (41.3%) were observed in the 20 ng mL ™'+ Mg group than in the
20 ng mL™! group (2.37%), and the relative A¥Ym was dramatically
increased (Fig. 4H). Qualitative analysis of A¥Ym yielded consistent re-
sults (Fig. S8). Moreover, the addition of Mg?" substantially increased
the activities of Pfk, Pdh (the major link between glycolysis and the TCA
cycle), and Idh by at least 1.5-fold compared that in the BMP-2 alone
group (Fig. 4H). Consequently, the upregulated expression levels and
activities of metabolic enzymes resulted in more ATP synthesis in the
Mg-enriched group (Fig. 4H). As mentioned above, BMP-2 initiated
obvious mitochondrial Mg?* uptake, and a recent study revealed that
the mitochondrial Mg?* influx stimulated by metabolites required the
Mg channel Mrs2 [39]. Therefore, we next investigated whether
BMP-2-driven mitochondrial Mg?' influx required Mrs2. We designed
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Fig. 5. Fabrication and characterization of the microgel composite hydrogel. A) Procedure used for the fabrication of the microgel composite hydrogel. B) Mon-
odispersed AIMA microgels and particle size distribution. C) Swelling behaviors of hydrogels with different microgel contents. D) Compression tests of hydrogels with
different microgel contents. E) Results of the strain-sweep tests. F) Degradation of GelMA hydrogels and composite hydrogels with a 1:10 AIMA/GelMA mass ratio. G,
H) Release profile of BMP-2 and Mg>" in AIMA microgels or composite hydrogels. I) The distribution of red fluorescence-labeled AIMA microgels in the hydrogels. J)

Expression of Opn in BMSCs on hydrogels as detected by CLSM.
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and produced Mrs2 knockout BMSCs via the CRISPR/Cas9 technique
(Fig. S9). The depletion of Mrs2 markedly reduced the mitochondrial
Mg?" influx (Fig. 41, Fig. S10A), resulting in a sharp decrease in ATP
production and Alp activity in BMSCs treated with BMP-2 and Mg?*
(Fig. 4J, K, Fig. S10B). These results highlighted the importance of
Mrs2-mediated mitochondrial Mg?" intake in BMP-2-induced metabolic
reprogramming and osteogenesis. Collectively, these data suggested that
Mg%" improved the efficacy of low-dose BMP-2 by elevating the bio-
energetic level to orchestrate energy metabolism and osteogenesis via
the Akt-glycolysis-Mrs2-mitochondrial axis (Fig. 4L).

3.5. Fabrication and characterization of the Mg?*-based bioenergetic-
driven microgel composite hydrogel as the BMP-2 delivery platform

Optimal platforms are of great importance to transfer the Mg-based
bioenergetic-driven BMP-2 delivery system into applications for highly
efficient bone regeneration. Although hydrogel microgels are desirable
carriers due to their aforementioned unique properties, drawbacks still
exist. The mobility of microgels makes them difficult to keep stable at
the target area, resulting in off-target side effects. Typically, as shown in
Fig. 2B, strip-like bone formation, especially in the high-dose BMP-2
groups, indicated the spread of the microgels along the needle path
during injection. To overcome this problem, we embedded the microgels
in a matrix material to form a composite structure, in which the matrix
material acted as the cement to hold the microgels on the defects, and
the microgel fed back to reinforce the mechanical properties of the
whole scaffold. Briefly, the microgels were fabricated by photo-
crosslinking 6% (w/v) AIMA droplets encapsulating Mg and BMP-2
produced from a microfluidic chip. The microgels were collected and
then embedded in 6% (w/v) GelMA for subsequent 3D printing
(Fig. 5A). Size optimization is substantially important for microgel
carriers, as a larger diameter increases the loading capacity of the
microgels and facilitates the sustained release of drugs but impairs the
injectability at the same time. To fine-tune the microgel size, we
adjusted the flow rate ratio of the aqueous and oil phases (Qaq/Q,) to
range from 0.02 to 0.2, resulting in microgels with diameters ranging
from 75 pm to 200 pm (Fig. S11). To balance the requirement of drug
loading and printability, a moderate size of approximately 100 pm was
chosen for the composite preparation. As shown in Fig. 5B, mono-
disperse AIMA microgels with a diameter of 100.64 + 3.15 pm were
obtained at a Q,q/Q, of 0.05.

Typically, hydrogels exhibit a swelling-weakening phenomenon
when exposed to an aqueous environment in vivo and suffer from a
sharp decrease in mechanical strength and the fast release of cargo after
swelling, which greatly hinders their application [40]. To investigate the
effects of the addition of AIMA microgels to GelMA on the physiological
(e.g., swelling and degradability) and mechanical properties of the
whole system, we prepared AIMA/GelMA hydrogels with a series of
AIMA/GelMA mass ratios ranging from 1:20 to 1:2, and the GelMA
hydrogels served as the control. As shown in Fig. 5C, the addition of
AIMA microgels decreased the swelling ratio and time to reach swelling
equilibrium, indicating that the swelling stability of the whole hydrogel
was improved. Accordingly, the compressive strength of the hydrogel in
its swelling equilibrium state was also dramatically enhanced as the
AIMA microgel content increased to 1:10. As the microgel content was
further increased, the compressive strength continued to increase, but
the compressive failure strain decreased to approximately 60%
(Fig. 5D). Obviously, the addition of AIMA microgels increased the
brittleness of the whole system upon evaluation of its strength. The
excessive addition of microgels interfered with the gelation of GelMA,
which might have been a response to the increase in brittleness.
Strain-sweep tests were further performed to examine the rheological
characteristics of the different hydrogels. Consistently, as the microgel
content increased, the storage modulus (G') was significantly increased.
Comparatively, the collapse of the hydrogel network, namely, the point
at which the G’ value began to markedly decrease, was advanced
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(Fig. 5E). Taking the swelling behavior and the mechanical properties
into consideration, we selected 1:10 as the optimal mass ratio of
AIMA/GelMA. Moreover, the addition of microgels prolonged the
degradation of the scaffolds, partially due to the enhanced swelling
stability, which could prevent the burst release of cargoes from the
rapidly degrading hydrogel (Fig. 5F).

The short diffusion distance and porous structure of microgels usu-
ally lead to the fast release of encapsulated cargoes. In the microgel
composite hydrogel, GelMA acted as the secondary barrier around the
microgel vesicle to reduce the burst release of cargoes and thus
improved the therapeutic effects of the cargoes. To confirm this phe-
nomenon, the release profiles of BMP-2 and Mg?* were measured. 10 pg
of BMP-2 and 60 pg of Mg?" were used in each group. The BMP-2 and
Mg loading efficiencies of AIMA microgels were 95.58 = 0.59% and
96.27 + 0.99%, respectively (Fig. S12). In the AIMA microgel group,
nearly 21% of BMP-2 (2.02 pg) and 44% of Mg?" (25.68 pg) were
released on day 1 (probably attributed to the dilution of the AIMA
network after swelling), and approximately 90% of BMP-2 (8.45 pg) and
Mg?* (51.09 pg) were released within 8 days. In contrast, after the
minimal initial burst release on day 1(1.34 pg of BMP-2, 11.31 pg of
Mg?"), the release of BMP-2 and Mg?" in the composite hydrogel
became more gradual, and the sustained release lasted for more than 14
days (8.33 pg of BMP-2, 43.83 of pg Mg?" in 14 days) (Fig. 5G and H).

Fluorescence microscopy images revealed that AIMA microgels
labeled with red fluorescence were evenly dispersed in the scaffolds
(Fig. 5I). Furthermore, the biocompatibility of the hydrogel was evalu-
ated. BMP-2 with or without Mg>" was encapsulated in AIMA microgels,
and the composite hydrogels were fabricated as described above.
Composite hydrogels without BMP-2 and Mg>" were used as controls.
BMSCs were then seeded on the hydrogels and cultured for 14 days, and
Opn was selected as the osteogenic differentiation marker. Fig. 5J shows
confocal laser scanning microscopy (CLSM) images of the BMSCs on the
hydrogels. The BMSCs clearly exhibited a stretched morphology, and the
largest Opn-positive area was formed in the BMP-2/Mg?* codelivery
group, suggesting the ideal biocompatibility and osteogenic bioactivity
of the composite hydrogel.

3.6. In vivo regenerative efficacy evaluation of the bioenergetic-driven
low-dose BMP-2 delivery platform

Critical cranial defects in rats were examined to explore the thera-
peutic effects of the Mg?*-based bioenergetic-driven low-dose BMP-2
delivery platform. After implantation for 4 weeks, samples were
collected for radiological and histological analyses. Almost no new bone
tissues formed in the blank group, and small amounts of new bone tis-
sues were observed in hydrogels without BMP-2 and Mg (namely, the
control group). As expected, the largest amounts of new bones were
found in defects treated with the hydrogels containing 100 pg mL™?
BMP-2. In contrast, only limited bone regeneration was induced in the
20 pg mL ™! BMP-2 group. Notably, the hydrogels with 20 ug mL~! BMP-
2 and Mg exerted satisfactory regenerative effects, evidenced by a large
number of new bones filling the defects and the nearly completely
recovered physiological structure of the skull, as shown in the cross-
sectional images (Fig. 6A). Consistently, the bone value and bone min-
eral density in the 20 pg mL™! + Mg group were markedly higher than
those in the 50 pg mL™! group and close to those in the 100 pg mL™!
group (Fig. 6B). Similar results were obtained by histological analysis
(Fig. 6C). Numerous fibrous tissues without new bones were filled in
defects in the blank and control groups, while the increase in the BMP-2
dose promoted bone formation. Interestingly, although the 100 pg mL™?
group exhibited the most significant bone regeneration among all
groups, the massive application of BMP-2 led to excessive bone forma-
tion, as evidenced by the bone formation area exceeding the margin of
the cranial bone. In contrast, the 20 pg mL™* + Mg group displayed
moderate bone regeneration, which successfully repaired the physio-
logical morphology of the skull, indicating its strong capacity for rapid
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Fig. 6. Evaluation of the efficacy of a Mg>*-based bioenergetic-driven low-dose BMP-2 delivery platform in a rat critical cranial defect model. A) Radiological images
of the samples harvested at 4 weeks after implantation. B) Results of the quantitative analysis of bone regeneration. C) H&E and Masson trichrome staining of the
decalcified sections. D) Double immunofluorescence staining analysis of the expression of Sp7 and Opn in the different groups. E) The Opn- and Sp7-positive areas
were assessed by double immunofluorescence staining, and 4 random images from each group were selected for evaluation. (**, ## and Aa represent p < 0.01 in
comparison with the 20, 50 pg mL~! and 20 pg mL~! + Mg groups, respectively).

and precise bone regeneration. We further examined the expression
levels of the osteogenesis hallmarks Sp7 and Opn by double immuno-
fluorescence staining, and the results are displayed in Fig. 6D and E.
There were almost no Opn- and Sp7-positive areas in the blank group
and relatively few positive areas in the control and 20 pg mL™! groups,
indicating inactive bone repair. Comparatively, the Opn-positive and
Sp7-positive areas in the 20 ug mL™! + Mg group were substantially
larger than those in the 20 and 50 pg mL™~! groups, indicating a robust
bone remodeling process. In conclusion, the bioenergetic-driven low-
dose BMP-2 delivery platform with Mg as an energy propellant exhibited
great potential for rapid and precise bone regeneration.

4. Conclusion

In conclusion, our study demonstrated that orchestration of energy
metabolism and osteogenesis by Mg?* successfully amplify the efficacy
of low-dose BMP-2, leading to efficacious bone regeneration. We
revealed the previously unclear relation between the ineffectiveness of
BMP-2 and inadequate energy status, and highlighted that Mg?*
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markedly promoted the osteoinductivity of BMP-2 via activating energy-
producing metabolic pathways. Furthermore, microgel composite
hydrogels were fabricated as the BMP-2/Mg?" codelivery platform. The
composite structure endowed the hydrogels with a prolonged cargo
release and improved mechanical properties. More importantly, the low-
dose BMP-2/Mg?* codelivery platform induced high-performance bone
regeneration in rat critical bone defects, providing a promising strategy
for the clinical treatment of bone defects.
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