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A P P L I E D  S C I E N C E S  A N D  E N G I N E E R I N G

Metabotissugenic citrate biomaterials orchestrate bone 
regeneration via citrate- mediated signaling pathways
Hui Xu1†, Xinyu Tan2†, Ethan Gerhard1, Hao Zhang3, Rohitraj Ray1, Yuqi Wang1,  
Sri- Rajasekhar Kothapalli1, Elias B. Rizk4, April D. Armstrong5, Su Yan1*, Jian Yang3,6,7*

Bone regeneration requires coordinated anabolic and catabolic signaling, yet the interplay between mammalian 
target of rapamycin complex 1 (mTORC1) and adenosine monophosphate–activated protein kinase (AMPK) path-
ways remains unclear. This study reveals that citrate, glutamine, and magnesium synergistically activate both 
pathways via calcium/calmodulin- dependent protein kinase kinase 2 (CaMKK2)– and protein kinase B (Akt)–
dependent signaling, bypassing the traditional adenosine monophosphate (AMP)/adenosine triphosphate (ATP) 
sensing mechanism. This dual activation supports sustained energy metabolism during osteogenesis and chal-
lenges the canonical antagonism between mTORC1 and AMPK. We developed CitraBoneQMg, a citrate- based bio-
material incorporating these components via one- pot synthesis. CitraBoneQMg provides sustained release, 
photoluminescent and photoacoustic imaging capabilities, and tunable mechanical properties. In vitro, it pro-
motes osteogenesis by enhancing alkaline phosphatase (ALP) activity, osteogenic gene expression, and calcium 
deposition. In  vivo, it accelerates bone regeneration in a rat calvarial defect model while promoting anti- 
inflammatory and neuroregenerative responses. We define this integrated effect as “metabotissugenesis,” offering 
a metabolically optimized approach to orthopedic biomaterial design.

INTRODUCTION
Recently, metabolism- regulating biomaterials have emerged as a 
transformative strategy in orthopedic engineering by enabling tar-
geted modulation of intracellular metabolism through interactions 
with the local microenvironment (1–5). While material cues have 
long been known to influence cell behavior, their direct impact on 
cellular metabolic and signaling pathways is only beginning to be 
elucidated. Effective bone regeneration relies on a coordinated bal-
ance between anabolic and catabolic metabolism: Anabolic path-
ways support energy- intensive processes such as proliferation, matrix 
production, and osteogenic differentiation, while catabolic pathways—
including glycolysis, fatty acid oxidation, and the tricarboxylic acid 
(TCA) cycle—regenerate adenosine triphosphate (ATP) and supply 
metabolic intermediates to sustain these activities (6). This coordi-
nation is regulated in part by two key metabolic sensors: the mam-
malian target of rapamycin complex 1 (mTORC1), which promotes 
anabolic growth under nutrient- rich conditions, and adenosine 
monophosphate- activated protein kinase (AMPK), which is acti-
vated during energy stress to conserve ATP, often by suppressing 
mTORC1 activity (7–9). The traditionally antagonistic relationship 
between mTORC1 and AMPK presents a challenge in understand-
ing how cells meet the high metabolic demands of osteogenesis, which 
requires the coordinated activation of both anabolic and catabolic 
processes. While mTORC1 has been shown to support biosynthetic 

activity and osteogenic differentiation and AMPK to promote ATP 
production and stabilize transcription factors such as runt- related 
transcription factor 2 (RUNX2), previous studies have examined these 
pathways independently (10–12). As a result, the potential for their 
simultaneous activation and functional cross- talk during osteogenesis 
remains largely unexplored. Although brief, minute- scale coactivation 
of mTORC1 and AMPK by amino acids has been observed in other 
cell types (13), the dynamic regulation of these pathways in the con-
text of long- term osteogenic differentiation is still poorly understood.

In this study, we identify two groundbreaking findings that re-
shape our understanding of metabolic coordination during osteo-
genesis: (i) Concurrent activation of mTORC1 and AMPK pathways 
by citrate, glutamine, and magnesium—a previously unrecognized 
synergy—supports energy- demanding biosynthetic processes while 
preserving cellular energy homeostasis. This dual activation enhances 
mitochondrial ATP production and anabolic activity, driving osteo-
genic differentiation efficiently. (ii) AMPK activation during osteo-
genesis occurs through calcium/calmodulin- dependent protein kinase 
kinase 2 (CaMKK2), a calcium- dependent pathway, rather than the 
traditional adenosine monophosphate (AMP)/ATP sensing mecha-
nism. This energy- independent activation of AMPK links calcium 
signaling, a key regulator in osteogenesis, to metabolic processes, 
enabling AMPK to function even in energy- replete states. This by-
pass of the AMP- dependent pathway ensures that AMPK and mTORC1 
can operate simultaneously without antagonism, aligning metabolic 
activity with osteogenic differentiation cues.

Building on these insights, we developed CitraBoneQMg, a citrate-  
based biomaterial designed to leverage this dual pathway activation. 
By integrating citrate, glutamine, and magnesium—key nutrients es-
sential for intracellular energy metabolism—CitraBoneQMg en-
hances mitochondrial ATP production, activates both mTORC1 and 
AMPK signaling pathways, and drives robust osteogenic differentia-
tion in mesenchymal stem cells (MSCs). Synthesized through a sim-
ple one- pot reaction, the biomaterial delivers sustained bioactive 
molecule release and features photoluminescent and photoacoustic 
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properties for potential clinical applications, such as intraoperative 
guidance, longitudinal tracking of biomaterial fate, and noninvasive 
assessment of therapeutic efficacy.

In summary, our findings challenged the traditional dichotomy be-
tween mTORC1 and AMPK and highlighted the critical role of CaM-
KK2 signaling pathway in integrating metabolic regulation during 
bone regeneration. This study paves the way for designing advanced 
metabolism- regulating biomaterials that optimize energy metabolism 
and relevant signaling pathways for enhanced bone repair, offering 
transformative potential for orthopedic applications (Fig. 1).

RESULT
Citrate, glutamine and magnesium synergistically promote 
osteogenic differentiation of hBM- MSCs
To investigate osteogenic effects in our study, we used human bone 
marrow–derived MSCs (hBM- MSCs), which are well recognized for 
their capacity to differentiate into osteoblasts and their pivotal role in 
natural bone formation. Meanwhile, BM- MSCs have been widely used 

in osteogenesis research due to their well- characterized properties and 
clinical relevance (14–17). Therefore, they serve as an ideal in  vitro 
model for studying bone regeneration in our experimental framework.

In the examination of the osteogenic effects of glutamine, distinct 
trends were observed in its impact during both undifferentiated hBM- 
MSCs proliferation and osteogenic differentiation. Glutamine is essen-
tial for undifferentiated hBM- MSCs proliferation, as supplementation 
with 0.5 mM glutamine (physiological serum concentration) signifi-
cantly increased hBM- MSCs proliferation compared to cells cultured 
without glutamine (0 mM) (fig. S1A). However, higher concentra-
tions of glutamine (1 to 8 mM) did not further enhance cell prolifera-
tion. Proliferation began to decline at high glutamine concentrations 
(16 and 32 mM) by day 3. These findings suggest that while glutamine 
is necessary for undifferentiated hBM- MSCs proliferation, a physiologi-
cal concentration of 0.5 mM is sufficient. Conversely, during osteogenic 
differentiation, higher glutamine concentrations above the physiolog-
ical level stimulated alkaline phosphatase (ALP) activity by day 7, 
with a dose- dependent effect observed, peaking at 8 mM (Fig. 2A). 
Similar to its effect in undifferentiated hBM- MSCs proliferation, 

Fig. 1. Schematic illustration of composites fabrication procedures for bone regeneration with metabolic effect and involved signaling pathways. Figure created in 
BioRender [https://BioRender.com/tciloza; hui Xu (2025)]. caMMKβ, calcium/calmodulin- dependent protein kinase kinase β; mtORc1, mammalian target of rapamycin com-
plex 1; AMPK, and adenosine monophosphate–activated protein kinase; AcO2, aconitase 2. AtP, adenosine triphosphate; nAd, nicotinamide adenine dinucleotide; nAdh, 
reduced form of nAd+; coA, coenzyme A; idh, isocitrate dehydrogenase; Sdh, succinate dehydrogenase; FAd, flavin adenine dinucleotide; AdP, adenosine diphosphate.
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Fig. 2. Individual supplementation of glutamine and magnesium enhanced osteogenesis. (A) AlP activity on day 7 of osteogenic differentiation with various gluta-
mine concentrations. data are average ± Sd. One- way AnOvA with tukey’s multiple comparisons test, *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001. n = 4. 
(B) mRnA expression of Runx2 on day 4 of hBM- MScs osteogenic differentiation with various glutamine concentrations. data are average ± Sd. One- way AnOvA with 
tukey’s multiple comparisons test, *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001. n = 3. (C to F) mRnA expression of Alpl, Sp7, Spp1, and ibsp on day 7 of 
hBM- MScs osteogenic differentiation with various glutamine concentrations. data are average ± Sd. One- way AnOvA with tukey’s multiple comparisons test, *P < 0.05, 
**P < 0.005, ***P < 0.0005, and ****P < 0.0001. n = 3. (G and H) Representative images and quantification of calcium nodules deposition (red) with various glutamine 
concentrations on day 14 of hBM- MScs osteogenic differentiation. Scale bar, 500 μm. data are average ± Sd. One- way AnOvA with tukey’s multiple comparisons test, 
*P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001. n = 4. (I) AlP activity on day 7 of osteogenic differentiation with various magnesium concentrations. data are 
average ± Sd. One- way AnOvA with tukey’s multiple comparisons test, *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001. n = 4. (J) mRnA expression of Runx2 on day 
4 of hBM- MScs osteogenic differentiation with various magnesium concentrations. (K to M) mRnA expression of Alpl, Spp1, and col1a1 on day 7 of hBM- MScs osteo-
genic differentiation with various magnesium concentrations. data are average ± Sd. One- way AnOvA with tukey’s multiple comparisons test, *P < 0.05, **P < 0.005, 
***P < 0.0005, and ****P < 0.0001. n = 3. (N and O) Representative images and quantification of calcium nodules deposition (red) with various magnesium concentra-
tions on day 14 of hBM- MScs osteogenic differentiation. Scale bar, 500 μm. data are average ± Sd. One- way AnOvA with tukey’s multiple comparisons test, *P < 0.05, 
**P < 0.005, ***P < 0.0005, and ****P < 0.0001. n = 3. Od, optical density.
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supplementation at 16 mM suppressed ALP activity. Furthermore, the 
expression of osteogenesis- related genes—including RUNX2, secreted 
phosphoprotein 1 (SPP1), Sp7 transcription factor (SP7), integrin- 
binding sialoprotein (IBSP), and ALP liver/bone/kidney (ALPL)— 
increased with higher glutamine concentrations compared to the 
0.5 mM condition (Fig. 2, B to F). In addition, glutamine supplemen-
tation promoted calcium nodule deposition, a late marker of osteo-
genesis, by day 14 (Fig. 2, G and H). However, concentrations above 
2 mM did not further enhance calcium nodule formation.

We also investigated the role of magnesium in undifferentiated 
hBM- MSC proliferation and osteogenic differentiation. The basal me-
dium for hBM- MSCs contains 0.8 mM magnesium, the physiological 
serum concentration. Exogenous magnesium chloride (MgCl2) sup-
plementation at 1 mM began to promote undifferentiated hBM- MSC 
proliferation by day 5, exhibiting a dose- dependent effect (fig. S1B). 
As with glutamine, high magnesium concentrations (32 mM) led 
to decreased cell proliferation (fig. S1B). In terms of osteogenic dif-
ferentiation, MgCl2 supplementation similarly enhanced ALP activ-
ity, gene expression, and calcium nodule deposition up to 8 mM 
(Fig. 2, I to O), but excessive magnesium concentrations also sup-
pressed ALP activity. These data suggest that physiological concen-
trations of glutamine (0.5 mM) and magnesium (0.8 mM) are not 
optimal for osteogenic differentiation, indicating that higher con-
centrations are beneficial.

Next, we explored whether combined supplementation of gluta-
mine and Mg2+ could further enhance osteogenesis compared to 
individual treatments. Our results showed that varying MgCl2 con-
centrations with 2 mM glutamine increased ALP activity (fig. S1C). 
Notably, higher MgCl2 concentrations were necessary to enhance 
ALP activity as glutamine levels increased. These findings indicate 
that the simultaneous delivery of glutamine and magnesium could 
optimally support bone regeneration.

Our previous work demonstrated the osteopromotive effects of 
citrate, prompting us to investigate the combined effects of citrate, 
glutamine, and magnesium on osteogenesis. Based on previous find-
ings, particularly those related to calcium nodule formation, we se-
lected a combination of 2 mM glutamine, 8 mM magnesium, and 
200 μM citrate for further experiments to assess their synergistic 
osteopromotive effects. Combining these three molecules signifi-
cantly enhanced osteogenic differentiation in hBM- MSCs, as evi-
denced by increased ALP activity and gene expression (Fig. 3, A to 
C). We also see enhanced calcium nodule formation compared to 
citrate treatment only (Fig. 3, D and E). Fluorescence staining of 
ALP and osteopontin (OPN) on day 14 further confirmed that the 
combination of glutamine magnesium, and citrate elevates osteo-
genesis (Fig. 3, F to I). These exciting findings suggest that the con-
current supplementation of glutamine, magnesium, and citrate optimally 
promotes the osteogenic differentiation of hBM- MSCs.

Synergistic effect of citrate, glutamine, and magnesium on 
energy metabolism
Next, we investigated the mechanisms underlying the synergistic 
osteopromotive effects of glutamine, magnesium, and citrate. Os-
teogenic differentiation is an energy- demanding process, and all three 
compounds play distinct and essential roles in energy metabolism 
(18–21). Therefore, we assessed their effects on ATP production by 
measuring intracellular ATP levels during proliferation of undiffer-
entiated hBM- MSCs and osteogenic differentiation, both individu-
ally and in combination.

During osteogenic differentiation, both glutamine and magne-
sium significantly elevated ATP levels at day 7 (Fig. 4, A and B) and 
exhibited a synergistic effect when combined with citrate at day 7 of 
osteogenesis (Fig.  4C). In contrast, no synergistic effect was ob-
served during undifferentiated hBM- MSC proliferation (fig.  S2). 
These results indicate that energy demand in undifferentiated hBM- 
MSCs is low; thus, energy metabolism maintains at a minimal level. 
Individual supplementation provides sufficient ATP for undifferen-
tiated hBM- MSC proliferation. However, osteogenic differentiation 
requires more ATP; therefore, combined supplementation of citrate, 
glutamine, and magnesium provides the synergistic effect of pro-
ducing higher ATP.

Most oxygen is used for ATP production during mitochondrial 
oxidative phosphorylation, making the oxygen consumption rate 
(OCR), a key indicator of energy metabolism. We used the Seahorse 
XFe instrument to measure dynamic changes in OCR during osteo-
genic differentiation with supplementation of citrate, glutamine, 
and magnesium (Fig. 4D). No significant differences were observed 
in non- mitochondria oxygen consumption and proton leak among 
the different treatment groups. Basal respiration, maximal respira-
tion, and ATP production increased significantly in the citrate, glu-
tamine, and magnesium combination treatment group compared to 
no treatment group (Fig. 4E). While these data suggested active mi-
tochondrial activity, it was further confirmed by looking into mito-
chondria membrane potential. As shown in Fig. 4F, the mitochondria 
membrane potential increased after combined citrate, glutamine, 
and magnesium supplementation compared to citrate treatment alone. 
Together, these data indicate that combination of citrate, glutamine, 
and magnesium enhanced energy metabolism during osteogenesis, 
which in turn improved the osteogenic function.

Given the TCA cycle’s crucial role in ATP production, we con-
ducted metabolomic analyses to assess how glutamine, magnesium, 
and citrate influence the generation of TCA cycle metabolites on 
day 3 of osteogenic differentiation. Our results confirmed that most 
TCA cycle metabolites—including aconitate, α- ketoglutarate, suc-
cinate, fumarate, and malate—were elevated following supplemen-
tation (Fig. 4G and fig. S3). Notably, citrate/isocitrate, aconitate, 
α- ketoglutarate, succinate, and malate exhibited synergistic effects 
when citrate, glutamine, and magnesium were combined, indicating 
enhanced TCA cycle activity in the mitochondria. In addition, in-
tracellular levels of citrate, glutamine, and magnesium were elevated 
after supplementation confirming the uptake of these molecules 
during osteogenic differentiation (fig. S4, A to C). The supplementa-
tion of citrate, glutamine, and magnesium increased global metabo-
lism beyond the TCA cycle, including nucleotide and amino acid 
metabolism (Fig. 4H and fig. S5, A and B). These data suggest that 
citrate, glutamine, and magnesium enhanced overall energy pro-
duction and global cellular metabolism to enhance osteogenesis.

Based on the osteogenic population in the hBM from single- cell 
RNA sequencing (scRNA- seq) dataset (GSE253355), we built a Uni-
form Manifold Approximation and Projection (UMAP) demonstrat-
ing the trajectory of osteogenesis process with different MSC- related 
cell types (fig. S6, A and B). Apolipoprotein D (APOD+) MSC repre-
sents early stage, Osteo- MSC mid- stage, and osteoblast late- stage 
MSC osteogenic differentiation populations. Genes expressed in each 
cell type were analyzed to confirm the model’s reliability. Accord-
ingly, RUNX2 and IBSP were highly expressed in Osteo- MSCs and 
osteoblast, while THY and CD44 were enriched in APOD+ MSCs 
(fig.  S6C). In addition, the oxidative phosphorylation (OXPHOS) 
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Fig. 3. Supplementation of citrate, glutamine, and magnesium synergistically enhanced osteogenesis. (A) AlP activity on day 7 of osteogenic differentiation with 
control, 200 μM citrate (cA), 200 μM citrate + 8 mM magnesium (cA + Mg), 200 μM citrate + 1.5 mM glutamine (cA + Gln), or 200 μM citrate + 1.5 mM glutamine + 8 mM 
magnesium (cA + Gln + Mg). data are average ± Sd. One- way AnOvA with tukey’s multiple comparisons test, *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001. 
n = 3. (B) mRnA expression of Runx2 on day 4 of hBM- MScs osteogenic differentiation with cA or cA + Gln + Mg. data are average ± Sd. two- tailed unpaired t test, 
*P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001. n = 3. (C) mRnA expression of Spp1, AlPl, and BMP2 on day 7 of hBM- MScs osteogenic differentiation with cA 
or cA + Gln + Mg. data are average ± Sd. two- tailed unpaired t test, *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001. n = 3. (D and E) Representative images 
and quantification of calcium nodules deposition (red) with control, cA, cA + Mg, cA + Gln, or cA + Gln + Mg on day 14 of hBM- MScs osteogenic differentiation. Scale 
bar, 500 μm. data are average ± Sd. One- way AnOvA with tukey’s multiple comparisons test, *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001. n = 3. (F and 
G) Representative images and quantification of AlP (green) immunofluorescence staining with dAPi nuclear counterstain (blue) on day 7 of hBM- MScs osteogenic dif-
ferentiation with control, cA or cA + Gln + Mg. Scale bar, 200 μm. (H and I) Representative images and quantification of OPn (red) immunofluorescence staining with dAPi 
nuclear counterstain (blue) on day 14 of hBM- MScs osteogenic differentiation with control, cA, or cA + Gln + Mg. Scale bar, 200 μm. data are average ± Sd. One- way 
AnOvA with tukey’s multiple comparisons test, *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001. n = 3. OPn, osteopontin.
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Fig. 4. Supplementation of citrate, glutamine, and magnesium synergistically enhanced energy metabolism. (A) intracellular AtP level on day 7 of hBM- MSc osteo-
genic differentiation with various glutamine concentrations. data are average ± Sd. One- way AnOvA with tukey’s multiple comparisons test, *P < 0.05, **P < 0.005, 
***P < 0.0005, and ****P < 0.0001. n = 3 to 6. (B) intracellular AtP level on day 7 of hBM- MSc osteogenic differentiation with various magnesium concentrations. data 
are average ± Sd. One- way AnOvA with tukey’s multiple comparisons test, *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001. n = 4. (C) intracellular AtP level on 
day 7 of hBM- MSc osteogenic differentiation with control, cA, cA + Mg, cA + Gln, or cA + Gln + Mg. data are average ± Sd. One- way AnOvA with tukey’s multiple com-
parisons test, *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001. n = 3 to 5. (D) OcR profile plot, (E) basal respiration, maximal respiration, AtP production, and 
proton leak at day 7 of hBM- MScs ostegeogenic differentiation with control, cA, or cA + Gln + Mg. data are average ± Sd. One- way AnOvA with tukey’s multiple com-
parisons test, *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001. n = 4. (F) Representative images of mitochondria membrane potential on day 7 of hBM- MScs 
osteogenic differentiation with control, cA, or cA + Gln + Mg. Scale bar, 50 μm. (G) intracellular levels of metabolites in tcA cycle on day 3 of hBM- MScs osteogenic dif-
ferentiation with control, cA, or cA + Gln + Mg. (H) heatmap illustrating the intensity value distribution of 138 differential metabolites (dMs) across groups with cA, Gln, 
Mg, or cA + Gln + Mg. the significantly enriched KeGG pathways and their associated key metabolites from each cluster were displayed on the right side of the heatmap. 
Rot/AA, rotenone/antimycin A; FccP, carbonyl cyanide p- trifluoromethoxyphenylhydrazone.

D
ow

nloaded from
 https://w

w
w

.science.org on July 24, 2025



Xu et al., Sci. Adv. 11, eady2862 (2025)     23 July 2025

S c i e n c e  A d v A n c e S  |  R e S e A R c h  A R t i c l e

7 of 21

scores were increasing during the osteogenesis process approaching 
osteoblast (fig. S6D). Glutamine and magnesium transporters were 
highly expressed during osteogenesis, indicating the necessity of glu-
tamine and magnesium for osteogenesis (fig. S6E).

Concurrent activation of mTORC1 and AMPK pathways
Because supplementation with citrate, glutamine, and magnesium 
has been shown to enhance intracellular ATP production, we fur-
ther explored the energy metabolism- associated signaling pathways, 
including mTORC1 and AMPK. Traditionally, these two pathways 
have been perceived as antagonistic, where sufficient energy acti-
vates mTORC1, while energy deficiency activates AMPK (fig. S7A). 
However, previous studies have highlighted the important regulato-
ry role of both (22,  23). Our data also confirmed an overall up- 
regulation of both mTORC1 and AMPK activities during osteogenic 
differentiation of hBM- MSCs by demonstrating increased phos-
phorylation of p70- S6K, a downstream target of the mTORC1 path-
way and a common indicator of mTORC1 activity, and enhanced 
AMPK phosphorylation (Fig.  5A), indicating the importance of 
mTORC1 and AMPK during osteogenic differentiation. Consistent-
ly, the inhibition of mTOR activity using rapamycin and Torin1 sig-
nificantly decreased the osteogenic differentiation of hBM- MSCs, as 
evidenced by reduced ALP activities (fig. S7, B and C). The mTORC1 
pathway integrates environmental signals, including amino acids 
and energy, to regulate cellular metabolism. Our prior research 
demonstrated that citrate enhances mTORC1- dependent protein 
synthesis in nondifferentiating hBM- MSCs (24). Here, we investi-
gated the effect of citrate, glutamine, and magnesium on mTORC1 
and AMPK signaling pathways during osteogenic differentiation.

As shown in Fig. 5B, individual supplementation with citrate, glu-
tamine, and magnesium enhanced p70- S6K phosphorylation, indicat-
ing increased mTORC1 activity. In addition, we observed a synergistic 
effect of these three nutrients in further elevating mTORC1 signaling. 
Notably, this up- regulation was completely abolished upon treatment 
with Torin1, an mTOR inhibitor (Fig. 5C). While our in vitro cell stud-
ies (Fig. 4C) and metabolomics analysis (Fig. 5D) demonstrated that 
citrate, glutamine, and magnesium enhance intracellular energy pro-
duction, we were surprised to find that their supplementation also led 
to increased AMPK phosphorylation (Fig. 5B).

The next question arises: Why is AMPK activated despite elevated 
intracellular ATP levels in osteogenic differentiating hBM- MSCs un-
der our treatment conditions? In addition to the AMP/adenosine 
diphosphate (ADP)–dependent mechanism, CaMKK2 can also acti-
vate AMPK (25). To investigate the role of CaMKK2 in osteogenic 
differentiation, we applied STO- 609, a specific inhibitor of CaMKK2, 
during differentiation. ALP activity significantly decreased with the 
addition of STO- 609 (Fig. 5E). Western blot results confirmed that 
CaMKK2 inhibition reduced AMPK phosphorylation and abolished 
the effect of citrate, glutamine, and magnesium on increasing AMPK 
phosphorylation (Fig. 5F). These findings suggest that CaMKK2 
positively regulates osteogenic differentiation and that its inhibition 
diminishes the osteogenic potential of hBM- MSCs.

The above findings raise the question of whether mTORC1 and 
AMPK communicate under nutrient- sufficient conditions during os-
teogenic differentiation. When STO- 609, a CaMKK2 inhibitor, in-
hibited AMPK phosphorylation, p70- S6K phosphorylation increased 
(Fig.  5G). This suggests that AMPK and mTORC1 remain the 
traditional interconnected yet opposing relationship in OG differen-
tiating hBM- MSCs. However, the up- regulation of mTORC1 activity 

by citrate, glutamine, and magnesium appears to override the antago-
nistic effect between AMPK and mTORC1, indicating that AMPK is 
not the dominant pathway regulating mTORC1 in this context.

Because AMPK is not the dominant upstream regulator of mTORC1, 
to explore the upstream signaling pathways that regulate mTORC1 
activity, we examined the Akt pathway to explore the upstream sig-
naling pathways that regulate mTORC1 activity. Akt stimulates 
mTORC1 activity by inhibiting tuberous sclerosis complex 1 and 2 
(TSC1 and TSC2), which are negative regulators of mTORC1 activ-
ity (26). To determine whether citrate, glutamine, and magnesium 
activate mTORC1 via Akt, we used the allosteric Akt inhibitor MK- 
2206 with the three compounds. MK- 2206 inhibited the phosphor-
ylation of the mTORC1 substrate p70- S6K when combined with 
citrate, glutamine, and magnesium (Fig. 5H). In addition, the inhi-
bition of Akt abolished the synergy effect of citrate, glutamine, and 
magnesium on ALP elevation (Fig.  5I). Furthermore, the supple-
mentation of citrate, glutamine, and magnesium indeed increased 
phosphorylation of Akt at T308 (Fig. 5J). Western blot results also 
demonstrated the increase of phosphorylation of Akt over the os-
teogenic process of hBM- MSCs (Fig. 5A). Consistently, core genes 
in the AMPK pathway (PRKAA1), AKT pathway (AKT1), and mTOR 
pathway (MTOR, RPTOR, and RPS8KB1) were all highly expressed 
during osteogenesis in the model previously built using hBM scRNA- 
seq dataset (Fig. 5K). These results indicate that Akt indeed plays a 
vital role in osteogenesis and mediate the signaling from citrate, gluta-
mine, and magnesium to mTORC1.

Calcium (Ca2+) binding to calmodulin (CaM) is required for 
CaMKK2 activation. Therefore, we examined the effect of our three 
compounds on intracellular Ca2+ levels during osteogenic differen-
tiation. Citrate, glutamine, and magnesium supplementation elevat-
ed intracellular Ca2+ levels at OG days 3 (fig.  S7D). In addition, 
scRNA- seq dataset (GSE253355) analysis demonstrated the abun-
dant gene expression of calcium- transporting channels throughout 
the osteogenesis process, suggesting the importance of calcium dur-
ing osteogenesis (fig. S7E).

Together, these data indicate that citrate, glutamine, and magne-
sium concurrently up- regulate mTORC1 and AMPK signaling path-
ways during osteogenic differentiation. AKT and CaMKK2 serve as 
upstream regulators of mTORC1 and AMPK, respectively (Fig. 5L).

Incorporation of citrate, glutamine and magnesium into 
citrate- based polymer system
The data presented above demonstrate the intriguing synergistic os-
teopromotive effects of citrate, glutamine, and magnesium, high-
lighting their potential in promoting bone regeneration when used 
together. While glutamine and magnesium can traditionally be 
supplemented through diet, oral intake often fails to elevate their 
circulating concentrations to the levels necessary for optimal bone 
repair. Consequently, integrating them into biodegradable materials 
offers a promising strategy for local delivery in a controlled time-  
and dose- dependent manner, particularly for tissue regeneration in 
bone repair.

Citrate- based polymers have gained substantial attention recently 
(4, 5, 27–31). Using citric acid as a multifunctional monomer provides 
free pendant carboxylic acid groups that enhance hydroxyapatite (HA) 
binding through calcium chelation, allowing for up to 65 wt % HA in-
corporation in the citrate- based composite. In addition, integrating 
HA into citrate materials improves the mechanical properties of the mate-
rials and plays essential roles in facilitating tissue regeneration (32–34). 
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Fig. 5. Supplementation of citrate, glutamine, and magnesium activated energy- related signaling pathways. (A) Protein expression of p70- S6K- pt389, AMPKα- 
pt172, and AKt- pt308 at different days of hBM- MScs osteogenic differentiation. (B) Protein expression of p70- S6K- pt389 and AMPKα- pt172 on day 3 of hBM- MScs osteo-
genic differentiation with different treatments. (C) Protein expression of p70- S6K- pt389 on day 3 of hBM- MScs osteogenic differentiation with torin1 followed by different 
treatments. (D) Principal components analysis (PcA) of metabolomic data of hBM- MScs osteogenic differentiation with different treatment conditions (left), and the in-
tensity value distribution of AtP in the samples (right). the arrows denote the direction of three effects after different treatments. (E) AlP activity on day 7 of hBM- MScs 
osteogenic differentiation without (nt) or with StO609 followed by without (control) or with cA + Gln + Mg treatment. data are average ± Sd. two- tailed unpaired t test, 
*P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001. n = 4. (F) Protein expression of AMPKα- pt172 on day 3 of hBM- MScs osteogenic differentiation with StO609, 
followed by different treatments. (G) Protein expression of p70- S6K- pt389 on day 3 of hBM- MScs osteogenic differentiation with or without StO609, followed by different 
treatments. (H) Protein expression of p70- S6K- pt389 on day 3 of hBM- MScs osteogenic differentiation with MK2206 followed by different treatments. (I) AlP activity on 
day 7 of hBM- MScs osteogenic differentiation without (nt) or with MK2206 followed by without (control) or with cA + Gln + Mg treatment. data are average ± Sd. two- 
tailed unpaired t test, *P < 0.05. n = 4. n.s., not significant. (J) Protein expression of AKt- pt308 on day 3 of hBM- MScs osteogenic differentiation with different treatments. 
(K) expression of core genes in the caMKK2 pathway (caMKK2), AMPK pathway (PRKAA1), AKt pathway (AKt1), and mtOR pathway (MtOR, RPtOR, and RPS8KB1) within 
the human osteogenic population. (L) Schematic representation of the mtOR- AMPK network with citrate, glutamine, and magnesium supplementations. Figure created 
in BioRender [https://BioRender.com/a90y633; hui Xu (2025)].
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Furthermore, the combination of citrate chemistry with different diols 
results in a rich array of pendant carboxyl and hydroxyl groups, en-
abling the incorporation of various amino acids into the polymers to 
deliver essential nutrients. Our previous studies have shown that incor-
porating amino acids into citrate- based materials imparts fluorescence 
imaging properties, resulting in what we refer to as biodegradable pho-
toluminescent polymers (BPLPs) (28, 35–38).

To prepare BPLP- glutamine with or without magnesium (BPLP- 
Gln or BPLP- Gln- Mg), we conducted a one- pot condensation reaction 
involving citric acid, glutamine, and magnesium and 1,8- octanediol to 
create a prepolymer, which can then be polymerized to form an elas-
tomeric cross- linked network (fig. S8, A and B). Multiple glutamine 
molar ratios were tested for prepolymer synthesis. On the basis of 
reaction efficiency, molar ratios of 0.3 and 0.5 were selected for fur-
ther characterization. A 0.2 molar ratio for magnesium was initially 
chosen, according to previous studies in the laboratory involving 
divalent metal ion incorporation into citrate materials. The incorpo-
ration of glutamine and magnesium was confirmed through H–nuclear 
magnetic resonance (NMR) and Fourier transform infrared (FTIR) 
analysis (fig.  S8, C to E), with poly(1,8- octanediol citrate) (POC) 
serving as a control. Energy dispersive x- ray spectroscopy (EDS) 
data further confirmed the integration of these three molecules and 
demonstrated their homogeneous distribution throughout the films 
(fig.  S8F). Differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA) were used to examine the thermal prop-
erties of the polymers. From DSC data, the glass transitioning 
temperature (Tg) was determined. Glutamine incorporation in-
creased Tg due to the stiff ring structure formation after glutamine 
addition (fig. S8G). The addition of magnesium decreased Tg due to 
the potentially reduced cross- linking of the polymers as the com-
plexation between Mg2+ and −OH/−COOH decreased the available 
−OH/−COOH for thermo- crosslinking (fig. S8, H and I). A similar 
trend was observed in TGA. The temperature required to reach 5% 
degradation increased as glutamine concentration increased (fig. S8J). 
Magnesium addition decreased the decomposition temperature 
(fig. S8, K and L).

However, the addition of glutamine compromises the compressive 
strength of the materials compared to POC. The active −OH and −NH2 
groups on glutamine compete with 1,8- octanediol for reaction with cit-
ric acid, weakening the network formation between 1,8- octanediol and 
citric acid, which subsequently decreases compressive strength. From 
POC to BPLP- 0.3Gln, the compressive strength of the composites de-
creased from 260.85 ± 14.27 to 177.38 ± 17.64 MPa. As glutamine con-
centration increased, BPLP- 0.5Gln composite showed a compressive 
strength of 144.49 ± 13.71 MPa. In contrast, incorporating magnesium 
helps restore compressive strength. BPLP- 0.3Gln- Mg achieved an im-
pressive compressive strength of 245.04 ± 26.12 MPa, which is compa-
rable to POC (260.85 ± 14.27 MPa) (Fig. 6A).

To identify the optimal magnesium molar ratio, various magne-
sium concentrations were incorporated in BPLP- 0.3Gln. The results 
demonstrated that BPLP- 0.3Gln- 0.2 Mg has the highest compres-
sive stress and modulus (Fig. 6, B and C). Incorporation of magne-
sium did not affect the compressive strain of BPLP- 0.3Gln (Fig. 6D). 
This increase in compressive strength is crucial for bone materials, 
as adequate mechanical stability is essential for load- bearing appli-
cations and long- term functionality in vivo. Thus, a 0.2 magnesium 
molar ratio was confirmed and applied to fabricate both BPLP-  
0.3Gln- Mg and BPLP- 0.5Gln- Mg for further characterization. The 
modulus significantly decreased after glutamine incorporation (Fig. 6E). 

The compressive strain increased after glutamine incorporation 
from 47.15 ± 2.18% to 55.34 ± 2.64% to 60.41 ± 1.90% for POC, 
BPLP- 0.3Gln, and BPLP- 0.5Gln, respectively (Fig. 6F). Consistent 
with BPLP- 0.3Gln, incorporation of magnesium increased the mod-
ulus of BPLP- 0.5Gln and had minimum effect on compressive strain 
(Fig. 6, G and H).

By varying the amounts of glutamine incorporated, we can mod-
ulate the degradation rate of the materials. Increasing glutamine 
concentrations correlates with enhanced film degradation (Fig. 6I). 
BPLP- 0.3Gln had ~40% weight remaining at week 24, whereas BPLP- 
0.5Gln was completely degraded. POC still had about 80% weight 
remaining at week 24. BPLP- 0.3GLn- 0.2 Mg degraded faster com-
pared to BPLP- 0.3Gln, where it had about 20% weight remaining. A 
similar trend was also observed in the pair of BPLP- 0.5Gln and 
BPLP- 0.5Gln- Mg. These findings suggest that by manipulating the 
polymer composition, we can effectively tailor mechanical proper-
ties and degradation rates, providing flexibility in the design of bio-
materials to meet specific application requirements.

Imaging properties of BPLP- Gln and BPLP- Gln- Mg
Both BPLP- Gln and BPLP- Gln- Mg films emit fluorescence 
(fig. S9A). For BPLP- Gln films, fluorescence intensity decreases as 
molar ratio of glutamine increases (Fig. 6J). The addition of magne-
sium leads to decrease of fluorescence intensity (Fig. 6K). As shown 
in  Fig.  6 (L to O), both BPLP- Gln and BPLP- Gln- Mg displayed 
excitation- dependent fluorescence emissions from 310 to 700 nm. 
The maximum emission and the excitation of both BPLP- 0.3Gln 
and BPLP- 0.5Gln are 440 and 340 nm, respectively (Fig. 6, L and 
M). The maximum emission and excitation wavelengths for BPLP- 
0.3Gln- Mg are 450 and 370 nm, respectively, where the maximum 
emission and excitation of BPLP- 0.5Gln- Mg are 460 and 370 nm, 
respectively (Fig.  6, N and O). In addition, BPLP- Gln and BPLP- 
Gln- Mg demonstrated similar or better photostability than organic 
dyes, rhodamine B and fluorescein (fig. S9B), a key feature for many 
bioimaging applications. In addition, the incorporation of gluta-
mine introduces photoacoustic property to the material across 
multiple wavelengths. A representative photoacoustic image at an 
808- nm wavelength with a corresponding ultrasound image of the 
samples is shown in Fig. 6P. BPLP- 0.5Gln film exhibits higher signal 
intensity than the BPLP- 0.3Gln film (Fig. 6Q). In contrast, the addi-
tion of magnesium had no significant effect on photoacoustic sig-
naling. With photoacoustic properties, our biomaterials can potentially 
enhance bioimaging diagnostics by enabling deeper tissue penetra-
tion, higher resolution, and improved contrast.

In vitro biocompatibility and bioactivity evaluation
Next, we examine whether the combination of citrate, glutamine, 
and magnesium can be successfully translated into a biomimetic 
material for orthopedic applications, here, we evaluate the biological 
activity of the material in vitro. First, high- performance liquid chroma-
tography (HPLC) analysis of material releasing products in phosphate- 
buffered saline (PBS) buffer demonstrated the release of citrate, 
glutamine, and magnesium from the BPLP- Gln- Mg films (Fig. 7, A 
to C). An initial burst release of citrate, glutamine, and magnesium 
was observed in both BPLP- 0.3Gln- Mg and BPLP- 0.5Gln- Mg. Fol-
lowing the burst release, both the formulations could stably release 
citrate, glutamine, and magnesium at working concentrations. Next, 
both leachant and degradation products of the materials were evalu-
ated with L929 cells for testing the biocompatibility of the polymers 
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Fig. 6. Material characterization of BPLP- Gln- Mg. (A) compressive stress of POc, BPlP- 0.3Gln, BPlP- 0.3Gln- Mg, BPlP- 0.5Gln, and BPlP- 0.5Gln- Mg composites. data are 
average ± Sd. One- way AnOvA with tukey’s multiple comparisons test, *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001. n = 4. (B) compressive stress, (C) modu-
lus, and (D) compressive strain of composites with incorporation of various magnesium amounts. data are average ± Sd. One- way AnOvA with tukey’s multiple compari-
sons test, *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001. n = 4 to 6. (E) Modulus and (F) compressive strain of POc and BPlP composites with incorporation of 
various glutamine amounts. data are average ± Sd. One- way AnOvA with tukey’s multiple comparisons test. *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001, 
n = 4. (G) Modulus and (H) compressive strain of BPlP- 0.5Gln with or without magnesium incorporation. data are average ± Sd. two- tailed unpaired t test, *P < 0.05, 
**P < 0.005, ***P < 0.0005, and ****P < 0.0001. n = 4. (I) degradation of POc, BPlP- 0.3Gln, BPlP- 0.3Gln- Mg, BPlP- 0.5Gln, and BPlP- 0.5Gln- Mg films in PBS over time. n = 3. 
(J) excitation and emission of POc film and BPlP films with various glutamine amounts. (K) excitation and emission of BPlP- 0.3Gln film and BPlP- 0.5Gln films with magne-
sium incorporation. (L) emission spectra of BPlP- 0.3Gln film. (M) emission spectra of BPlP- 0.3Gln- Mg film. (N) emission spectra of BPlP- 0.5Gln film. (O) emission spectra of 
BPlP- 0.5Gln- Mg film. (P) Ultrasound (US) image (above) and 3d photoacoustic (PA) image (below) of POc, BPlP- 0.3Gln, BPlP- 0.5Gln, BPlP- 0.3Gln- Mg, and BPlP- 0.5Gln- Mg 
films from left to right at 808- nm wavelength. Scale bars, 3 mm. (Q) Quantitative analysis of the 3d photoacoustic image at 808- nm wavelength. a.u., arbitrary unit.
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Fig. 7. In vitro bioactivity evaluation of BPLP- Gln- Mg materials. (A to C) Release of citrate, glutamine, and magnesium from BPlP- 0.3Gln- Mg and BPlP- 0.5Gln- Mg films 
over time. n = 3. (D) SeM images and edS analysis of calcium nodule formation on day 21 of hBM- MScs osteogenic differentiation on various composites. Right images 
are zoom- in of the yellow rectangles on the left accordingly. Scale bars, 50 μm (left) and 20 μm (right). (E) edS quantification of corresponding composites on day 21 of 
hBM- MScs osteogenic differentiation. (F) AlP activity on day 7 of hBM- MScs osteogenic differentiation on various composites. data are average ± Sd. One- way AnOvA 
with tukey’s multiple comparisons test, *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001. n = 4. (G) Osteogenic mRnA expression of Spp1, Alpl, and col1a1 on day 7 
in hBM- MScs undergoing osteogenic differentiation on various composites. data are average ± Sd. two- tailed unpaired t test, *P < 0.05, **P < 0.005, ***P < 0.0005, 
****P < 0.0001, n = 3.  (H) SeM images of Raw 264.7 cells on POc, BPlP- 0.3Gln- Mg and BPlP- 0.5Gln- Mg composites. Scale bar, 50 μm. Representative M1 and M2 morphol-
ogy is highlighted in yellow and magenta, respectively. (I) il- 10 release of Raw 264.7 cells grown for 3 days on POc, BPlP- 0.3Gln- Mg and BPlP- 0.5Gln- Mg composites. data 
are average ± Sd. One- way AnOvA with tukey’s multiple comparisons test, **P < 0.005, ***P < 0.0005, ****P < 0.0001. n = 3.
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(fig.  S10). POC, BPLP- 0.3Gln- Mg, and BPLP- 0.5Gln- Mg did not 
show any cytotoxicity after 10× dilution.

Osteogenic differentiation of hBM- MSCs was performed on 
BPLP- Gln- Mg/HA composite discs to access the osteogenic prop-
erty of the polymer. Scanning electron microscopy (SEM) images 
demonstrated thicker layers of cells and extensive extracellular ma-
trix production after incorporation of magnesium and glutamine 
compared to POC, where BPLP- 0.5Gln- Mg/HA showed the best 
bioactivity (Fig. 7D). Calcium nodules formation was visualized in 
the image. The analysis of these nodules by EDS demonstrated com-
parable calcium to phosphate ratio to HA among three groups 
(Ca/P =  1.68, 1.62, and 1.70 for POC, BPLP- 0.3Gln- Mg/HA, and 
BPLP- 0.5Gln- Mg/HA composites, respectively) (Fig. 7E). Further-
more, the ALP production in BPLP- 0.5Gln- Mg/HA is significantly 
higher than POC/HA on day 7 (Fig. 7F). Aligned with the mechani-
cal testing results, SEM images and ALP production also demon-
strated that 0.2 molar ratio of magnesium incorporation is optimal 
for bioactivity of the composites (fig.  S11, A and B). In addition, 
BPLP- 0.5Gln- Mg/HA exhibited significantly higher SPP1, ALPL, 
and COL1a1 gene expression than POC/HA (Fig. 7G). The results of 
biological evaluations prove that BPLP- 0.5Gln- Mg/HA could create 
an interactively biomimetic matrix microenvironment, which pro-
moted hBM- MSCs osteogenic differentiation.

Glutamine and magnesium are known for having anti- inflammatory 
properties (39–41). Raw 264.7 cells seeded on composites showed 
more M2- like morphology (spindle- like shape) on BPLP- Gln- Mg/HA 
composites compared to POC composite, where majority of cells 
showed M1- like morphology (pancake- like shape) (Fig. 7H). Consis-
tently, our data also demonstrated that BPLP- 0.3Gln- Mg/HA and 
BPLP- 0.5Gln- Mg/HA composites induce higher release of interleukin-
 10 (IL- 10), a well- known anti- inflammatory cytokine, compared to 
POC composite where BPLP- 0.5Gln- Mg/HA showed superior result 
(Fig. 7I).

In vivo evaluation of BPLP- Gln- Mg for bone regeneration
Given the best osteogenic bioactivity of the BPLP- 0.5Gln- 0.2 Mg/
HA composite in vitro, we implanted BPLP- 0.5Gln- 0.2 Mg/HA scaf-
folds into critical- sized calvarial bone defects in rats to further eval-
uate the bone regeneration efficacy of BPLP- 0.5Gln- 0.2 Mg/HA 
in vivo. For convenience, the material is referred to as BPLP- Gln- 
Mg/HA. Micro–computed tomography (CT), histological staining, 
and immunohistochemical staining were performed to assess the 
newly formed bone tissue within the defect area. Micro- CT was tak-
en 6 and 12 weeks after scaffold implantation, and three- dimensional 
(3D) reconstructed micro- CT images of new bone formation in vivo 
of different groups are shown in Fig. 8A. Weeks 6 and 12 were cho-
sen to assess both the early- to- mid phase and the long- term stability, 
structural integrity, and functional quality of the regenerated bone, 
respectively (42–45). The control group, poly(lactic- co- glycolic acid) 
(PLGA)/HA, showed delayed fracture healing and repair, indicating 
a larger defect area compared to the citrate- based scaffold groups. 
On the contrary, BPLP- Gln- Mg/HA scaffold showed the highest ef-
ficiency of bone repair, with significant bone production by the end 
of 6 weeks. By 12 weeks post- implantation, the bone defect of the 
BPLP- Gln- Mg/HA scaffold was almost filled with new bone. Quan-
titative analysis showed that the bone/tissue volume (BV/TV) ratio 
was significantly higher in the POC/HA (21.97 ± 2.52, 29.84 ± 3.09) 
group than in the control (10.11 ± 1.74, 16.46 ± 1.46) at both 6 and 
12 weeks. At the same time, the highest percentage of BV/TV of 

new bone formation was found in the BPLP- Gln- Mg/HA scaffold 
(31.69 ± 6.39, 49.09 ± 9.39) compared to all other groups, indicating 
a better bone regeneration effect (Fig.  8, B and C). Similarly, the 
bone mineral density (BMD) in POC/HA group (667.78 ± 75.41, 
1047.9  ±  9.09) was significantly higher compared to the control 
(456.46 ± 43.386, 811.67 ± 82.50) at both 6 and 12 weeks. Likewise, 
BMD in BPLP- Gln- Mg group (966.67 ± 14.53, 1147.20 ± 27.95) was 
significantly higher than all other groups (Fig. 8, D and E).

The ability of the BPLP- Gln- Mg/HA scaffold to mediate bone re-
generation was further investigated by histological analysis includ-
ing hematoxylin and eosin (H&E) staining and Masson’s trichrome 
staining (Fig. 8F). By observing the H&E staining sections 6 and 
12 weeks after implantation, only fibrous tissue was visible in the defect 
area with hardly any new bone formation at 6 weeks post- implantation 
in PLGA/HA group. In contrast, more regenerative bone tissue was 
formed in POC/HA group. Moreover, the BPLP- Gln- Mg/HA group 
had the greatest bone formation, and newly regenerated bone was ob-
served even at the center of the defect. In addition, the bone defect 
was almost filled with newly regenerated bone 12 weeks after implan-
tation. However, material residues from scaffold degradation were 
found in the defect areas even at 12 weeks post- implantation due to 
the incomplete degradation at this point of implantation. Meanwhile, 
Masson’s trichrome staining confirmed that BPLP- Gln- Mg/HA scaf-
fold induced the highest amounts of mature mineralized bone forma-
tion within the bone defect area at both time points.

In addition, immunohistochemical staining was performed at 6 
and 12 weeks post- implantation to investigate possible osteogenic- 
related expression during the bone regeneration process (Fig.  9). 
Higher osteo- related expressions of RUNX2 and OCN in the BPLP- 
Gln- Mg/HA were confirmed. The BPLP- Gln- Mg/HA restored cal-
varial defect without exogenous growth factors/cells, enhancing its 
clinical translatability. Besides up- regulating signaling pathways and 
energy metabolism, implantable biomaterials with favorable im-
mune responses also guide successful osteogenesis (46, 47). Previous 
publications have already demonstrated that glutamine and magne-
sium have anti- inflammatory properties (41, 48–50). Our IHC stain-
ing of CD206, an anti- inflammation marker, also revealed that 
BPLP- Gln- Mg expressed anti- inflammatory effect at week 6. POC/
HA showed CD206 marker at week 12. However, PLGA/HA did not 
express any CD206 at either time point. This is consistent with our 
in vitro data, where BPLP- 0.5Gln- Mg/HA induced a higher amount 
of IL- 10 release from Raw 264.7 compared to POC, which contrib-
uted to bone regeneration in vivo (Fig. 7I). Besides bone formation, 
nerve regeneration also plays a crucial role in bone regeneration. 
Here, the first time, we revealed the promotive effect of POC on 
nerve regeneration in a rat calvarial defect model. TUBB3, a marker 
for nerve regeneration, was expressed at both week 6 and week 12 
after implantation in POC/HA group. Notably, TUBB3 was largely 
expressed in BPLP- Gln- Mg/HA group at both week 6 and week 12 
post- implantation. In contrast, TUBB3 in the PLGA/HA group was 
minimal at both weeks 6 and 12. In addition, the fluorescence prop-
erties of POC and BPLP- Gln- Mg aided in the degradation tracking 
in vivo. At week 12 post- implantation, POC/HA and BPLP- Gln- Mg/
HA groups demonstrated higher fluorescence compared to PLGA/
HA group (fig. S12). These results indicate that local delivery of ci-
trate, glutamine, and magnesium greatly restored the structural in-
tegrity and promoted functional regeneration of calvarial bone 
tissue. We named the HA- incorporated BPLP- Gln- Mg bone mate-
rial as CitraBoneQMg.

D
ow

nloaded from
 https://w

w
w

.science.org on July 24, 2025



Xu et al., Sci. Adv. 11, eady2862 (2025)     23 July 2025

S c i e n c e  A d v A n c e S  |  R e S e A R c h  A R t i c l e

13 of 21

DISCUSSION
Citrate, well known for its role in cellular metabolism, has emerged 
as a key regulator of broader cellular functions. By enhancing intra-
cellular energy levels through mitochondrial pathways, citrate sup-
ports the increased metabolic demands of osteogenesis—establishing 
the foundation for its multifaceted role in tissue regeneration, a cen-
tral feature of “metabonegenesis” (24). In this study, we further 
identify citrate as a signaling molecule that activates both the 
mTORC1 and AMPK pathways during osteogenic differentiation. 
The simultaneous activation of these typically antagonistic pathways 

underscores citrate’s unique capacity to coordinate metabolic and 
signaling networks during bone formation.

Traditionally, AMPK activation inhibits mTORC1 under low- 
energy states, preventing excessive anabolic activity during energy 
scarcity (51). While a previous systems biology study demonstrated 
that amino acids can acutely and transiently activate both mTORC1 
and AMPK in multiple cell lines, its findings were primarily limited 
to short- term signaling responses in vitro, without the evidence of 
sustained activation or functional outcomes (13). In contrast, our 
study not only identifies citrate as a key upstream regulator of 

Fig. 8. In vivo new bone formation in a rat calvarial bone defect model. (A) Micro- ct images of calvaria defects with PlGA/hA, POc/hA, and BPlP- Gln- Mg/hA scaffolds 
at 6 and 12 weeks post- surgery. Scale bar, 1 mm. (B to E) Quantitative analysis of new bone formation at 6 (B and d) and 12 weeks (c and e). Bv/tv, bone volume/tissue 
volume; BMd, bone marrow density. data are average ± Sd. One- way AnOvA with tukey’s multiple comparisons test, *P < 0.05, ***P < 0.0005, ****P < 0.0001. n = 3. (F) h&e 
and Masson’s trichrome (Mt) staining of calvaria bone samples at 6 and 12 weeks post- surgery. Scale bars, 1 mm (zoom out) and 50 μm (zoom in) (M, material; F, fibrosis 
tissue; nB, new bone).
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mTORC1- AMPK dual activation but also demonstrates that, when 
combined with glutamine and magnesium, this effect is sustained 
over time and supports the prolonged metabolic demands of osteo-
genesis. This functionalization translates molecular signaling into 
tissue- level outcomes, enhanced bone formation, broadening thera-
peutic implications of concurrent mTORC1 and AMPK activation. 
CaMKK2- mediated AMPK activation emerges as a calcium- dependent 
process that does not rely on fluctuations in AMP or ADP levels 
(25). Citrate, glutamine, and magnesium supplementation were shown 
to elevate intracellular calcium levels, triggering CaMKK2 signaling. 
Concurrently, the AKT- mTORC1 axis is dominant in overriding AMPK’s 
inhibitory influence during osteogenesis. These observations are 
consistent with previous studies demonstrating the critical role of 

the AKT- mTORC1 pathway in promoting osteoblast differentiation. 
The inhibition of CaMKK2 or AKT in our experiments disrupted 
the osteogenic effects of citrate, glutamine, and magnesium, under-
scoring the importance of these upstream regulators. Notably, our 
findings indicate the critical role of intracellular calcium in promot-
ing bone regeneration. However, the combination of citrate, gluta-
mine, and magnesium not only activates the CaMKK2- AMPK pathway 
through calcium- mediated stimulation but also enhances oxidative 
phosphorylation, as evidenced by increased oxygen consumption, mi-
tochondrial membrane potential, and TCA cycle activity. Concur-
rently, the combination further promotes AKT- mTORC1 signaling, 
indicating coordinated activation of both energy- sensing and growth- 
promoting pathways. Calcium, primarily delivered through HA, is in-
corporated at ~20 wt % in the CitraBoneQMg composite. Despite 
the presence of HA, CitraBoneQMg significantly outperformed 
PLGA/HA and POC/HA in promoting bone regeneration, demon-
strating that calcium alone is insufficient. Instead, the synergistic 
regulation of metabolic and signaling pathways by citrate, glutamine, 
and magnesium is essential for optimal bone healing. However, the 
underlying mechanism behind the increase in intracellular calcium 
levels induced by citrate, glutamine, and magnesium remains unex-
plored and should be further investigated in future studies.

The transition from glycolysis to OXPHOS during osteogenic 
differentiation is a hallmark of the metabolic shift that occurs in dif-
ferentiating human MSCs (52). This metabolic reprogramming en-
sures adequate ATP production to support the energy- intensive processes 
involved in osteoblast maturation, extracellular matrix synthesis, 
and mineralization. Citrate, glutamine, and magnesium supplemen-
tation enhance mitochondrial function by increasing ATP levels, 
OCRs, and mitochondrial membrane potential, reinforcing the en-
ergy supply needed for osteogenesis. Metabolomic analyses further 
revealed an upregulation of TCA cycle intermediates, confirming 
that these supplements replenish the TCA cycle and enhance its 
central role as a metabolic hub (19).

Beyond their effects on the TCA cycle, we found citrate, gluta-
mine, and magnesium also modulate other metabolic pathways 
critical to osteogenesis, such as nucleotide and amino acid metabo-
lism. The TCA cycle intermediates, such as α- ketoglutarate and oxa-
loacetate, serve as precursors for nucleotide synthesis, which supports 
the increased demand for DNA synthesis during early osteoblast 
differentiation when cells are rapidly proliferating. In addition, ami-
no acid metabolism contributes to protein synthesis, redox balance, 
lipid biosynthesis, and epigenetic modifications (53). These findings 
align with previous studies that have demonstrated the essential 
roles of amino acids in promoting skeletal cell function and bone 
regeneration (54–58). Collectively, these results indicate that citrate, 
glutamine, and magnesium act as metabolic regulators that facilitate 
multiple biosynthetic processes essential for osteogenesis.

To translate these findings into practical applications, we devel-
oped CitraBoneQMg, a bioactive composite comprising citrate, gluta-
mine magnesium, and HA. This biomaterial was designed to provide 
structural support while creating an osteogenic microenvironment 
through the sustained release of bioactive components. In  vitro 
studies demonstrated that CitraBoneQMg significantly enhances 
osteogenic differentiation, as evidenced by the elevated expression of 
osteogenic genes, increased ALP activity, and enhanced calcium nod-
ule formation. These effects are attributed to the synergistic action of 
citrate, glutamine, and magnesium in promoting mTORC1 and 
AMPK activities while fulfilling the energy demands of osteogenesis.

Fig. 9. Immunohistochemistry staining of OCN, Runx2, CD206, and TUBB3 at 
the defect site at week 6 and week 12. Red arrow indicates representative area 
with positive staining. Scale bar, 50 μm.
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The in vivo efficacy of CitraBoneQMg was validated in a rat cal-
varial defect model, where it outperformed the well- known POC/
HA and PLGA/HA composites in promoting bone formation and 
maturation. Histological analyses revealed that CitraBoneQMg im-
plants facilitated earlier and more robust bone regeneration, with 
significant increases in new and mature bone formation observed at 
both 6 and 12 weeks post- implantation. In addition, CitraBoneQMg 
accelerated the transition to the reparative stage by promoting M2 
macrophage polarization, as indicated by the earlier expression of 
CD206 compared to POC/HA. This finding aligns with the anti- 
inflammatory properties of glutamine and magnesium, while citrate’s 
role in immunomodulation is gaining increasing attention (3, 59–63). 
Metabolomic analyses suggest that citrate supplementation elevates 
acetyl–coenzyme A (CoA) levels, which are linked to M2 macro-
phage function through histone acetylation and gene expression regu-
lation (60). Notably, despite the cytotoxicity exhibited at 1× dilution of 
leachant and fully degraded products in cell culture (fig. S10), BPLP- 
Gln- Mg/HA not only demonstrated superior bone regeneration com-
pared to POC/HA but also showed no signs of biosafety issues. Unlike 
the static exposure in cell culture assays, the gradual 20- week degrada-
tion of BPLP- Gln- Mg and dynamic fluid circulation in vivo minimize 
local concentration spikes and mitigate potential toxicity.

The nervous system in bone regeneration is often overlooked but 
is critical for successful tissue repair (64–66). Our study demon-
strated that CitraBoneQMg enhances TUBB3 expression, indicating 
improved nerve regeneration during bone healing. Citrate’s role in 
Schwann cell function and myelination has been previously docu-
mented, suggesting its potential to support peripheral nerve repair 
(67). Schwann cells undergo metabolic reprogramming during dif-
ferentiation, shifting from glycolysis to oxidative metabolism. Ci-
trate supplementation rescues defects in Schwann cell function by 
restoring citrate synthase activity, emphasizing its role in promoting 
reinnervation during bone repair. Future studies should investigate 
whether exogenous citrate can directly enhance Schwann cell func-
tion and reinnervation in bone regeneration models.

Metabolism- regulating biomaterials represent a novel and clini-
cally significant advancement in orthopedic engineering, shifting 
the paradigm from traditional bioactive materials—which passively 
support tissue regeneration—to dynamic platforms that actively 
modulate intracellular metabolic activity. Unlike conventional ap-
proaches that rely on the release of growth factors (68,  69), cell- 
derived exosomes (69), or even the direct incorporation of live cells 
(69), these next- generation biomaterials engage specific metabolic 
pathways, such as oxidative phosphorylation and the TCA cycle, to 
boost ATP production, enhance biosynthesis, and regulate osteo-
genic signaling. This metabolic reprogramming enables more precise 
control over cell fate and regenerative outcomes and is particularly 
advantageous for treating large bone defects or patients with com-
promised healing capacity. In addition, these materials offer a cost- 
effective, off- the- shelf solution with strong translational potential 
from bench to bedside. Recent studies have demonstrated the efficacy 
of biomaterials that release TCA cycle metabolites—such as citrate 
(24), α- ketoglutarate (2), succinate (1), and malate (70)—in enhanc-
ing ATP production and promoting tissue regeneration. Extending 
beyond TCA cycle metabolites, our study provides a comprehensive 
understanding of the synergistic effects of a metabolite (citrate), an 
amino acid (glutamine), and a metal ion (magnesium) on cellular 
metabolism and signaling pathways critical for osteogenesis. We 

translated these mechanistic insights into the rational design of CitraB-
oneQMg, a bioactive material capable of delivering these components 
in a controlled manner and modulating the local cellular microenvi-
ronment to promote robust bone regeneration.

While this study provides insights into the roles of citrate, gluta-
mine, and magnesium in osteogenesis, further research is need-
ed to address several unanswered questions. The mechanisms 
through which these supplements elevate intracellular calcium lev-
els remain unclear and warrant further investigation. In addition, 
citrate’s involvement in epigenetic regulation through histone acet-
ylation offers a promising avenue for understanding how it influ-
ences gene expression during osteogenesis (71). As citrate serves as 
a precursor to acetyl- CoA, its role in restoring histone acetylation 
and reversing osteogenic defects in aged MSCs could provide valu-
able insights for developing therapeutic strategies for age- related 
bone disorders (72). Last, understanding whether the degradation 
products of CitraBoneQMg retain their metabonegenic properties 
could guide the optimization of citrate- based biomaterials for clin-
ical applications.

In conclusion, this study establishes citrate, glutamine, and mag-
nesium as multifaceted regulators of osteogenesis, integrating energy 
metabolism with signaling pathways to meet the metabolic demands 
of bone regeneration. The CitraBoneQMg biomaterial offers struc-
tural and metabolic support, significantly enhancing bone repair 
in vivo, promoting multi- tissue regeneration by coordinating the 
activity of bone, immune, and neural system—an integrated process 
we term “metabotissugenesis,” which we have a thorough discussion 
in our recent review article (5). These findings lay the groundwork 
for future advancements in citrate- based biomaterials, emphasizing 
their translational potential for orthopedic applications. By address-
ing the metabolic and signaling needs of osteogenesis, CitraBoneQMg 
represents a critical step forward in the design and development of 
next- generation biomaterials for bone tissue engineering.

MATERIALS AND METHODS
Cell culture and osteogenic differentiation
The following procedures were previously described (24). Briefly, 
hBM- MSCs were obtained from American Type Culture Collection 
and maintained in growth medium (GM) [low- glucose Dulbecco’s 
modified essential medium (DMEM) (Sigma- Aldrich) containing 
10% fetal bovine serum (FBS)] at 37°C in 5% CO2 (v/v) in a humidi-
fied incubator. The GM medium was replaced every 2 days. To initi-
ate the osteogenic differentiation, cells at ∼80% confluence were 
treated with an established osteogenic (OG) medium (low- glucose 
DMEM with 10−7 M dexamethasone, 0.05 mM ascorbate- 2- phosphate, 
and 0.01 M β- glycerophosphate). The OG medium was replaced 
every 3 days. hBM- MSCs were incubated with OG medium with 
various concentrations of citrate, glutamine, and magnesium at indi-
cated times. In some experiments, hBM- MSCs were pretreated with 
Torin1 (100 nM), STO- 609 (32 μM), or MK- 2206 (1 μM) for 1 hours 
before OG medium ± citrate, glutamine, and magnesium.

Proliferation assay
hBM- MSCs were seeded at 5000 cells/cm2, various concentrations of 
glutamine or magnesium were added the next day, and Cell Count-
ing Kit- 8 (CCK- 8) assay (Dojindo) was used according to manufac-
turing protocol to determine cell viability at determined times.
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ALP assay and DNA quantification
The following procedures were previously described (24). Briefly, to 
analyze ALP expression, cells were lysed with radioimmunoprecipi-
tation assay (RIPA) buffer on day 7 of osteogenic differentiation, fol-
lowed by centrifugation to remove debris. ALP activity was then 
measured using p- nitrophenyl phosphate (PNPP), which ALP hy-
drolyzes to produce a yellow- colored product. Briefly, a 1 M PNPP 
stock solution was diluted 1:100 with ALP assay buffer, and 50 μl of 
this solution was added to 50 μl of the lysate sample. After incubat-
ing at 37°C for 10 to 30 min, absorbance was measured at 405 nm 
using a plate reader (Tecan). The same lysate samples were also used 
to quantify DNA content using the PicoGreen dsDNA Quantifica-
tion Kit (Invitrogen), following the manufacturer’s instructions.

Alizarin Red staining and calcium quantification
The following procedures were previously described (24). Briefly, for 
Alizarin Red staining, cells were fixed with 4% paraformaldehyde, and 
40 mM Alizarin red solutions were used to stain calcium nodules for 
30 min with gentle shaking. After thoroughly washing, the stained 
cells were observed on a microscope (Nikon). The same cell samples 
were used to quantify calcium using Alizarin Red S Staining Quantifi-
cation Assay (ScienCell) following the manufacturer’s protocol. Brief-
ly, 10% acetic acid was added to cell samples and incubated at room 
temperature for 30 min with shaking. Cell samples were scraped and 
collected into 1.5- ml microcentrifuge tubes. Cell samples were heated 
at 85°C for 10 min and then incubated on ice for 5 min. Then, cell 
samples were centrifuged at 20,000g for 15 min. Supernatants were 
collected, and 10% ammonium hydroxide was added to neutralize the 
acid. Absorbance was measured at 405 nm using a plate reader (Tecan).

Real- time PCR
The following procedures were previously described (24). Briefly, to-
tal RNA from whole cells was isolated with Zymo Direct- zol RNA 
Microprep kit and was transcribed into cDNA using Invitrogen Su-
perScriptIII First- Strand Synthesis System. For quantitative analysis, 
real- time polymerase chain reaction (PCR) was performed using 
cDNA as the template, together with TaqMan Gene Expression Mas-
ter Mix and the TaqMan Gene Expression Assays with both primers 
and probe included (Applied Biosystems), and using the StepOnePlus 
Real- Time PCR system (Applied Biosystems) according to the manu-
facturer’s instructions. Human peptidylprolyl isomerase A (PPIA; 
cyclophilin A) was used for normalization.

Immunofluorescent staining
The following procedures were previously described (24). Briefly, 
for ALP and OPN expression analysis, hBM- MSCs differentiated for 
14 days were fixed with 4% paraformaldehyde. After washing with 
PBS, cells were blocked using 0.1% Triton X- 100 in phosphate- buffered 
saline (PBST) with 1% bovine serum albumin (BSA) at room tem-
perature for 1 hour. Then, mouse anti- ALP primary antibody (Santa 
Cruz Biotechnology) and mouse anti- OPN primary antibody (Santa 
Cruz Biotechnology) at 1:500 diluted with blocking buffer was 
added to samples and incubated overnight at 4°C. Mouse IgGk 
light chain binding protein (m- IgGk BP) conjugated to CruzFluor 
555 (m- IgGκ BP- CFL 555; Santa Cruz Biotechnology) and m- IgG 
BP- CFL 488 (Santa Cruz Biotechnology)–labeled secondary anti-
body 1:100 diluted with blocking buffer for 1 hour. Subsequently, 
The 4′,6- diamidino- 2- phenylindole (DAPI) solution was applied to 

stain the cell nucleus, and the stained cells were observed and re-
corded on a fluorescence microscope (Nikon)

Intracellular ATP level analysis
To measure the intracellular ATP level for undifferentiated hBM- 
MSCs, cells were seeded at 10,000 cells/cm2 and treated with citrate, 
glutamine, and/or magnesium for 24 hours the next day. For osteo-
genic differentiating hBM- MSCs, cells were treated with citrate, glu-
tamine, and/or magnesium for 7 days. Cells were collected and measured 
using ATPlite 1step (Revvity) according to the manufacturer’s protocol.

XF bioenergetic analysis
OCRs were measured using the SeahorseXF24 instrument (Agilent) 
according to the manufacturer’s protocols. hBM- MSCs were seeded 
in a XF24 microplate at a density of 20,000 cells per well in 200 μl of 
GM. Citrate, glutamine and magnesium were applied the next day 
in OG medium. On day 7, cells were treated with XF assay medium 
(pH 7.4) supplemented with 5.5 mM glucose, 1 mM sodium pyru-
vate, and 0.5 mM glutamine for 60 min in a 37°C non- CO2 incuba-
tor; sensor cartridges were hydrated 1 day before the start of assays. 
Injections of 1.5 μM oligomycin, 4 μM carbonyl cyanide p- trifluor
omethoxyphenylhydrazone, and 0.5 μM rotenone/antimycin A were 
used to analyze mitochondria response. All the reagents were from 
Agilent Technologies (Seahorse Biosciences).

Mitochondrial membrane potential fluorescence staining
Mitochondrial membrane potential was analyzed using Mitochon-
drial Membrane Potential Assay Kit (II) (Cell Signaling Technology) 
based on manufacturing protocol. Briefly, hBM- MSCs were plated 
in glass bottomed culture dishes at 8000 cells/cm2 with GM medium 
containing 0.5 mM glutamine. At 80 to 90% confluence, cells were 
treated with citrate, glutamine, and magnesium at various combina-
tions in OG medium. On day 3, 200 nM tetramethylrhodamine, ethyl 
ester (TMRE) labeling solution were added and incubated (37°C 
and 5% CO2) for 20 min. Cells were washed three times with 1× PBS 
and hydrated in 1× PBS for imaging. Images were captured at ×63 
magnification using Zeiss LSM 880 Confocal with fluorescence life-
time imaging microscopy.

Western blotting
The following procedures were previously described (24). Briefly, 
dialyzed FBS (10%) (Cytiva) was used in OG medium. On day 3 of 
OG differentiation, cells were treated with citrate, glutamine, and 
magnesium. For some experiments, cells were treated with inhibi-
tors before citrate, glutamine, and magnesium treatments. After 
4 hours of treatment, cells were washed with ice- cold PBS and then 
collected with ice- cold RIPA with protease inhibitor and phospha-
tase inhibitor at 1:100 and 1:50 dilution, respectively. Lysates were 
incubated for 10 min at 4°C with gentle agitation and then centri-
fuged at 16,000g at 4°C for 15 min to remove insoluble debris. After 
protein quantification by bicinchoninic acid (BCA) assay (Thermo 
Fisher Scientific), gel electrophoresis was carried out on AnykDTM 
Mini- Protean TGX stain- free protein gels at 50 V for 10 min, fol-
lowed by 150 V for 30 to 60 min and was transferred to nitrocellulose 
membranes with the Trans- Blot TurboTM system. Then, mem-
branes were blocked with TBST–5 wt % nonfat milk at room tem-
perature for 1  hour and then incubated with primary antibodies 
overnight at 4°C in TBST−5 wt % BSA. After washing with TBST 
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five times for 5 min, the membranes were incubated in the horserad-
ish peroxidase (HRP)–conjugated secondary antibody solution di-
luted in TBST–5 wt % nonfat milk for 1 hour at room temperature, 
followed by rinsing and incubating with ClarityTM western en-
hanced chemiluminesence substrate mixture for 5 min, and then 
imaged by the ChemiDoc MP imaging system (Bio- Rad).

Metabolomics
On day 3 of osteogenic differentiation, cells were snap- frozen with 
liquid nitrogen. A 90% HPLC- grade methanol/water was then added 
immediately after liquid nitrogen evaporated. Cells were scraped 
with a cell lifter and collected into micro- centrifuge tubes, then vor-
texed to resuspend the cells, and centrifuged for 15 min at 15,000 rpm 
at 4°C. Supernatants were collected and speed vacuum to dry the 
samples. Metabolite pellets were resuspended in 3% HPLC- grade 
methanol:water containing 1 μM chlorpropamide. Samples were vor-
texed and centrifuged for 15 min at 15,000 rpm at 4°C. Supernatants 
were collected for analysis using Thermo Exactive Plus.

Metabolomics data analysis
Data were converted using MSConvert and extracted using El- Maven, 
and the signal- to- noise ratio was set as 3. Using the R language plat-
form (R Foundation for Statistical Computing; www.r- project.org), 
identical metabolites’ intensity (peak area) values were aggregated, 
regardless of their ionization format. This method allows for a robust 
assessment of metabolite levels across multiple samples. Through 
manual curation, we ensured that all metabolites were consistently as-
signed a unique Kyoto Encyclopedia of Genes and Genomes (KEGG) 
compound ID to facilitate subsequent downstream analyses. Metabo-
lites with maximum values in the samples lower than those in the 
blank samples were filtered out.

The normalization process involved calculating a scale factor 
from the intensity of chlorpropamide, used as an internal control. 
This scale factor was determined by dividing the control intensity 
values by their means. Subsequently, the intensity data were normal-
ized by dividing each sample’s intensity by the corresponding scale 
factor. Last, a log 2 transformation was applied to the normalized 
data, with one added to avoid taking the logarithm of zero.

Log- normalized metabolome data were then used to conduct 
principal components analysis (PCA) analysis and group difference 
tests. Based on the results of the homogeneity of variance test 
(Bartlett test), analysis of variance (ANOVA), or Kruskal’s test was 
used to evaluate group differences accordingly. Post hoc compari-
sons were performed using Tukey’s post hoc or Dunn’s test. In addi-
tion, the Benjamini- Hochberg method was applied to control the 
false discovery rate (FDR).

Differential metabolites (DM) were filtered based on adjusted p- 
values obtained from the pairwise comparisons and the fold change 
of metabolite intensity, using Padj < 0.05 and |fold change| >1.2.

scRNA- seq data analysis
scRNA- seq data of non- hematopoietic cells of hBM were down-
loaded from National Center for Biotechnology Information (NCBI) 
Gene Expression Omnibus (GEO) (GSE253355). Based on the re-
sults presented in the previous research, Osteo- MSCs, APOD+ MSCs, 
and osteoblasts were extracted, corresponding to the “osteogenic 
populations” (73).

All samples were merged and processed through log- normalization, 
followed by the identification of the top 2000 features. The data were 

subsequently scaled, and PCA was performed. To address batch ef-
fects among individual samples, single- cell data were integrated using 
the simspec::cluster_sim_spectrum function with parameters set to 
k =  5 and cluster_resolution =  0.5, while the remaining parameters 
were maintained at their default values (74). Furthermore, the cell 
populations with high expressions of COL1A1 and ALPL within os-
teoblasts were identified separately as osteocytes. Last, the integrat-
ed dataset was visualized using UMAP. The osteogenesis trajectory 
and pseudotime were inferred by Slingshot using embeddings from 
UMAP (75).

Intracellular calcium fluorescent staining
hBM- MSCs were plated in glass bottomed culture dishes at 8000 
cells/cm2 with GM medium containing 0.5 mM glutamine. At 90% 
confluence, cells were treated with citrate, glutamine, and magne-
sium in various combinations for 3 days in the OG medium. Cells 
were stained with Oregon Green 488 BAPTA- 1, AM (Thermo Fisher 
Scientific) based on manufacturing protocol. Briefly, cells were incu-
bated with the AM ester for 1 hour at room temperature. Cells were 
then washed thoroughly to remove excess probe. Images were cap-
tured at ×10 magnification using a fluorescence microscope (Nikon).

Intracellular citrate, glutamine and 
magnesium concentrations
hBM- MSCs were treated with citrate, glutamine, or magnesium 
supplementations during osteogenic differentiation for 3 days. On 
day 3, cells were lysed with RIPA. Intracellular citrate concentrations 
were measured using the EnzyChrom Citrate Assay Kit (BioAssay 
Systems) according to the manufacturer’s protocol. Intracellular glu-
tamine was analyzed using metabolomics (see the “Metabolomics” 
section). Intracellular magnesium concentrations were measured 
using the QuantiChrom Magnesium Assay Kit (BioAssay Systems) 
according to the manufacturer’s protocol.

Synthesis of prepolymers
The following procedures were previously described (24). Briefly, 
for BPLP- Gln synthesis, citric acid, 1,8- octanediol, and l- glutamine 
at molar ratios of 1:1.1:0.3 and 1:1.1:0.5 were mixed in a round- 
bottomed flask. After melting at 160°C for 20 min, the temperature 
was lowered to 140°C, and the mixture was stirred continuously for 
another 50 min with the stirring speed lowering gradually from 
800 to 80 rpm to produce the BPLP- Gln prepolymer. The prepoly-
mer was then dissolved in 1,4- dioxane and purified by precipitation 
in water, followed by freeze drying. For BPLP- Gln- Mg prepolymers 
synthesis, the same steps were followed as above until the tempera-
ture was lowered to 140°C, and magnesium nitrate hexahydrate was 
added at molar ratios of 0.1, 0.2 and 0.3 and continued with the 
same steps as mentioned above.

Preparation of polymer films and composites
The following procedures were previously described (24). Briefly, to 
prepare polymer films, POC, BPLP- Gln, and BPLP- Gln- Mg pre-
polymers were dissolved in 1,4- dioxane to form a 30 wt % solution 
and then cast into a Teflon dish for solvent evaporation and thermal 
cross- linking at 80°C for 3 days, followed by 120°C for another 3 days. 
For composites, a 30 wt % prepolymer solution was mixed with 
50 wt % HA and stirred in Teflon dishes to achieve a homogeneous 
mixture. After solvent evaporation, the composite was rolled and 
pressed into thin sheets using a pasta roller machine, cut into round 
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disks, and cross- linked under the same thermal conditions (80°C for 
3 days and then 120°C for 3 days).

FTIR and NMR analysis
For H nuclear magnetic resonance (NMR) analysis, 5 mg of polymer 
was dissolved in 1 ml of deuterated dimethyl sulfoxide (DMSO- d6; 
Sigma- Aldrich), and the H- NMR was recorded on a Bruker Ad-
vance 600 NMR spectrometer (Bruker). Polymer films were cut into 
small square shapes, and FTIR was recorded on a Bruker Vertex 80 
spectrometer (Bruker).

Determination of released concentrations of citrate, 
glutamine, and magnesium
The following procedures were previously described (24). Briefly, HPLC 
(Shimadzu) was performed to confirm the presence of citrate and gluta-
mine in polymer films. To prepare, 10 ml of PBS was added into 0.5 g of 
polymer films. PBS was collected and changed for every determined day. 
The collected samples were filtered through a 0.2- μm filter before run-
ning HPLC. HPLC analysis was performed on a Shimadzu HPLC sys-
tem equipped with an ultraviolet- visible photo diode array (PDA) 
detector and a C18 column at room temperature. The detection of citrate 
and glutamine was set at 210 and 207 nm, respectively, and the calibra-
tion curves of citrate and glutamine were obtained. For Mg2+ release 
studies, samples were analyzed by inductively coupled plasma- atomic/
optical emission spectrometry, on a Thermo iCAP 7400 Duo instrument 
with Qtegra software. Calibration standards were purchased from High- 
Purity Standards (North Charleston). The iCAP Duo allows analyzing 
elements in both axial and radial views to encompass a wide range of 
concentrations. Approximately 5 ml of each sample was analyzed. Mg2+ 
was measured at 285.213 nm in both axial and radial view.

Photoluminescent and photoacoustic properties 
of BPLP- Gln- Mg
The following procedures were previously described (76). Briefly, 
the photoluminescent properties of the polymers were analyzed us-
ing a Horiba FluoroMax- 4 spectrofluorometer (Horiba Scientific). 
Unless otherwise specified, both the excitation and emission slit 
widths were set to 1.5 nm for all samples. Photostability was as-
sessed by monitoring the emission intensity decay at the maximum 
excitation and emission wavelengths under continuous illumination 
for 3 hours in the spectrofluorometer. For photoacoustic imaging, 
samples were placed in a 1.5 wt % agarose phantom and imaged us-
ing the Acoustic X (7 MHz) probe to collect photoacoustic images at 
multiple wavelengths ranging from 700 to 900 nm. The samples 
were placed in a line perpendicular to the 128 array elements of the 
transducer to expose each film sequentially to the optical fibers.

Degradation studies
For degradation studies under neutral conditions, polymer films were 
cut into round disks (~50 mg, 8 mm diameter, ~1 mm thickness) and 
placed in tubes containing 10 mL of PBS (pH 7.2–7.4). Samples were 
incubated at 37°C for predetermined times, with daily PBS changes 
until the pH stabilized at 7.4, followed by weekly changes. At each 
time point, samples were removed, thoroughly washed with deionized 
water, and lyophilized. Degradation was assessed by measuring the 
remaining mass using the equation

where W0 is the initial film weight and W1 is the remaining weight.

Cytocompatibility evaluation of leachant and 
degraded products
To prepare liquid extracts of polymer films, POC, BPLP- Gln, and 
BPLP- Gln- Mg films were cut into round disks sized for a 24- well 
plate. Complete culture medium was then added, and the films were 
incubated at 37°C with agitation for 24 hours following the ISO 
10993- 5:2009(E) standard. The resulting liquid extracts were col-
lected, filtered, and applied to L929 cells at 80 to 90% confluence in 
96- well plates. After a 24- hour incubation, cell viability was assessed 
using the CCK- 8 assay (Dojindo).

To prepare degradation products, 0.5 g of polymer films were 
fully degraded in 3 ml of 2 N NaOH solution. The pH was adjusted 
to 7.2 to 7.4 using 2 N HCl, and the final volume was brought to 
5  ml with deionized water. After centrifugation, the supernatant 
was filtered into a separate tube. Serial dilutions of the degradation 
products were prepared using culture medium, and 20 μl of each 
dilution was added to cells cultured in 96- well plates with 200 μl of 
medium. Following a 24- hour incubation, cell viability was evalu-
ated using the CCK- 8 assay (Dojindo) according to the manufac-
turer’s instructions.

In vitro biological evaluation of composites and 
SEM observation
To assess the bioactivity of the composites, hBM- MSCs were seeded 
at a density of 10,000 cells/cm2 in GM medium. After 5 days of cul-
ture, the cells were treated with OG medium for 7 days and then col-
lected for ALP activity and gene expression analysis. For calcium 
nodule formation analysis, cells cultured for 21 days were collected 
and examined using field- emission SEM (Zeiss Sigma) equipped with 
energy- dispersive EDS after sputter coating with iridium (Emitec 
Sputter- Coater). Elemental data were acquired at 10 kV from areas of 
interest and analyzed using AZtec software (Oxford Instruments).

Immune evaluation of composites
Immune evaluation of polymer composites with Raw 264.7 cells was 
performed. Briefly, Raw 264.7 cells at 10,000 cells/cm2 were seeded 
on composites disks (POC, BPLP- 0.3Gln- Mg, and BPLP- 0.5Gln- Mg) 
with the diameter of 10 mm in 48- well plates. Cells were incubated 
with high glucose DMEM supplemented with 10% FBS and 1% an-
tibiotics. After 72 hours, the cell suspension of each sample was col-
lected and centrifuged at 1500 rpm for 5 min. The supernatant was 
collected to determine the IL- 10 concentrations using an ELISA kit 
(R&D Systems). The remaining composites with cells were collected 
and imaged with SEM.

Mechanical testing
The following procedures were previously described (24). Briefly, to 
evaluate the compressive strength of polymer/HA composites, cy-
lindrical samples were prepared by mixing prepolymers with 50 wt % 
HA. Once the polymer- HA mixtures reached a clay- like consistency, 
they were molded into polytetrafluoroethylene tubing and post- 
polymerized at 80°C for 3 days, followed by 120°C for another 3 days. 
Compression testing was then conducted on the cylindrical speci-
mens using an Instron 5966 machine equipped with a 10- kN load cell 
(Instron) at a strain rate of 1.3 mm/min until failure. The initial W1∕W0 × 100%
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modulus was determined by calculating the slope of the stress- 
strain curve at 10% compression.

Rat critical- sized calvarial defect
The following procedures were previously described (24). Briefly, all 
animal experiments were conducted in accordance with protocols 
approved by The Pennsylvania State University’s Institutional Ani-
mal Care and Use Committee (protocol number 42878). Male 
Sprague- Dawley rats (8 weeks old) were used for the study. Surgeries 
were performed under continuous isoflurane anesthesia. Buprenor-
phine (1 mg/kg) was administered subcutaneously for analgesia. The 
surgical site was shaved and disinfected with a 70% ethanol solution, 
followed by a subcutaneous injection of bupivacaine (4 mg/kg) as a 
local anesthetic.

A sagittal incision (1.5 to 2 cm) was made from the nasal bone to 
the middle sagittal crest, and the periosteum was bluntly dissected. 
A 5- mm- diameter calvarial defect was created using a trephine drill, 
continuously irrigated with sterile saline to prevent heat damage. 
The calvarial disk was carefully removed to avoid dural tears, and 
implants were inserted into the defects via press- fit placement. The 
periosteum and skin were sutured with 4- 0 vicryl, and animals were 
monitored according to standard post- operative care protocols. Af-
ter 6-  and 12- weeks post- surgery, animals were anesthetized and 
euthanized, and the skulls were collected for micro- CT imaging, his-
tochemistry, and immunostaining analysis.

Micro- CT analysis
The following procedures were previously described (24). Briefly, 
the skulls were fixed with 4% paraformaldehyde overnight and 
rinsed with PBS. Then, the skulls were evaluated via isolated bone 
mode using the GE Pheonix v|tome|x L at 150 kV with an integra-
tion time of 333 ms for each of the 360 rotational steps. Slices (2150) 
with resolutions of 20 μm were collected, and the reconstructed da-
taset was segmented by an automated thresholding algorithm. Gen-
eral Electric (GE) proprietary reconstruction software was used to 
reconstruct the 3D image. The volume of interest was defined as a 
hollow cylinder of a height that could cover the entire thickness of 
the defect, and the BV/TV was calculated using AVIZO. BMD among 
groups was calculated using ImageJ.

Histological analysis
The fixed skulls were decalcified with 0.5 M EDTA at pH 7.4 at 4°C for 
4 to 7 weeks and embedded in paraffin. Tissues were sectioned with a 
5- μm thickness, dewaxed, rehydrated, and stained with H&E and 
Masson’s trichrome for light microscopic analysis. Images were cap-
tured at ×20 magnification using a Keyence BZ- 9000 E Microscope.

Immunohistochemical analysis
To detect OCN, Runx2, CD206, and TUBB3 expressions, paraffin- 
embedded sections were dewaxed (Leica Autostainer ST5010 XL). 
Antigen was retrieved using a pH 6 buffer. Then, the sections were 
blocked with 5% normal goat serum for 1 hour and incubated with 
the primary anti- OCN antibody (1:50; Proteintech), anti- Runx2 an-
tibody (1:50 dilution; Thermo Fisher Scientific; 1:50 dilution), anti- 
CD206 antibody (1:50; Cell Signaling Technology), and anti- TUBB3 
antibody (1:50; Invitrogen) at 4°C overnight. The sections were 
washed with TBS three times, and endogenous peroxidase activity 
was blocked by 3% hydrogen peroxide. Then, the slides were incu-
bated with secondary HRP- Goat anti- mouse IgG1 (1:200 dilution; 

Thermo Fisher Scientific) or HRP- Goat anti- rabbit IgG (1:200 dilu-
tion; Invitrogen) for 1 hour at 37°C. Colorization was subsequently 
developed in DAB solution (Thermo Fisher Scientific) and counter-
stained. Images were captured at ×20 magnification using a Keyence 
BZ- 9000 E Microscope.

Fluorescent imaging of tissue sections
Palin tissue slides were imaged using Keyence BZ- 9000 E Micro-
scope under green fluorescent protein (GFP) fluorescence. Images 
were captured at ×4 magnification.

Statistical analysis
All quantitative data are presented as means ± SD with a minimum of 
three independent samples. Statistical analyses were performed using 
Prism GraphPad software, and ordinary one- way ANOVA was per-
formed on three or more groups with the Tukey’s post hoc test applied 
within groups. A one- tailed unpaired t test was applied when only two 
groups were compared. P values < 0.05 were regarded as statistically 
significant. *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001.
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