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ANNOTATION

Metabolism plays a critical role in bone homeostasis, regeneration, and healing. This study explores the
potential of biomaterials to modulate metabolic processes during bone healing as a clinically relevant
strategy for biomaterial development. To this end, metabolic changes occurring during bone

regeneration were characterized, and the findings were applied to tissue engineering strategies.

Metabolomic profiling was performed using samples from rat calvarial critical-sized defects and sheep
tibial defect animal models to better understand systemic metabolic changes during bone regeneration.
The results revealed that glutamate and glutamine were significantly downregulated during the healing
process. Given the widespread use of calcium phosphate-based biomaterials as bone fillers in tissue
engineering, the interaction between cells and materials was investigated using fibroblast cell lines
exposed to various calcium phosphate compounds. The findings demonstrated that ceramic biomaterials
can adsorb a broad range of small molecules from their microenvironment. Additionally, exposure to

calcium phosphate-based materials influenced cellular amino acid levels and energy metabolism.

A novel amorphous calcium phosphate material synthesized from a glutamate source (ACP-Glu) was
developed based on the insights from the critical-sized defect models. This new biomaterial was
extensively characterized through osteogenesis and metabolomics studies. ACP-Glu exhibited superior
performance in enhancing cellular energy metabolism and promoting osteogenic activity. The increased
energy metabolism, particularly the tricarboxylic acid cycle, appeared to compensate for anaerobic
glycolysis, providing the necessary energy to support tissue repair. As a result, ACP-Glu shows promise
as a biomaterial for bone regeneration, potentially accelerating the healing process by promoting more

efficient in situ energy metabolism.

This material could replace biologically inactive bone fillers, enhancing regenerative outcomes.
Moreover, utilizing endogenous metabolites to modulate biological responses offers a safer alternative
to bioactive additives such as cytokines and growth factors. The key practical contribution of this study
is the development of ACP-Glu, which could assist patients with bone defects by accelerating hard
tissue repair through replenishing depleted nutrients. The biomaterial design and evaluation
methodology, particularly the metabolomic approaches employed in this research, could serve as a

valuable reference for future work in the field.
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Abbreviations

ACP — amorphous calcium phosphate

ACP-GLU — amorphous calcium phosphate with glutamate
ALP — alkaline phosphatase

ANOVA — one-way variance analysis

ATP — adenosine triphosphate

CaP — calcium phosphate

CCK-8 — Cell Counting Kit-8

CNT - control group

FBS — fetal bovine serum

Glu — glutamate

H58 — calcium phosphate with 58 % hydroxyapatite and 42 % beta-tricalcium phosphate
H95 — calcium phosphate with 95 % hydroxyapatite and 5 % beta-tricalcium phosphate
HAP — hydroxyapatite

LC —liquid chromatography

LDH - lactate dehydrogenase

MS — mass spectrometry

OCN - osteocalcin

OCP - octacalcium phosphate

OPN - osteopontin

PBS — phosphate-buffered saline

PCA — principal component analysis

SEM - scanning electron microscope

TCA — tricarboxylic acid (citric acid) cycle

XRD — X-ray diffraction analysis

B-TCP — beta-tricalcium phosphate



Aims and objectives

The research aimed to develop a novel CaP-based biomaterial with an incorporated metabolite that

enhances bone regeneration.
To achieve the aim, the following main tasks were proposed during this research:

1. Characterize systemic metabolic alterations during bone regeneration utilizing in vivo models,
elucidating the dynamic changes in metabolic profiles associated with the healing process.

2. Investigate and characterize alterations in cellular metabolism induced by biomaterial
interactions, employing advanced metabolomics techniques to delineate the molecular
mechanisms underlying these changes.

3. Identify and validate potential bioactive metabolites integral to bone healing, unraveling
specific metabolite signatures indicative of enhanced regenerative processes.

4. Synthesize biomaterials incorporating identified metabolites as a novel system, establishing a
link between metabolomic discoveries and material design for enhanced bioengineering
applications.

5. Evaluate the synthesized metabolite-loaded biomaterials' in vitro performance and physical
properties, employing rigorous characterization methods to ascertain their suitability for

clinical translation and potential impact on therapeutic outcomes.
The following theses are proposed for defense:

1. Bone healing in mammals triggers systemic alterations in energy and amino acid metabolism.

2. Calcium phosphate (CaP)-based biomaterials change cellular metabolic microenvironment by
enhancing glycolytic activity.

3. Metabolites depleted during bone healing can be integrated into biomaterials to facilitate bone

regeneration.
Scientific novelty and main results

1. The progress of bone healing has been widely researched; however, the knowledge of small
molecular changes during this process is still vague. The metabolomics profiling from rat
calvaria and sheep tibia provided a deeper understanding of systemic metabolome changes
during bone regeneration. Notably, serum concentrations of glutamate and glutamine were
significantly reduced during bone healing, indicating increased metabolic demand for these
amino acids.

2. Cell-material interaction studies in the bioengineering field have mainly ignored the role of

endogenous metabolites. This study demonstrated that ceramic biomaterials can adsorb a broad



range of small molecules from their surrounding microenvironment. The results also show that
exposure to CaP-based materials affects cellular amino acids and energy metabolism.

3. Utilizing the results from the critical size defect models, amorphous calcium phosphate
synthesized from a glutamate source was prepared. The new biomaterial, ACP-Glu (amorphous
calcium phosphate incorporating glutamate), was characterized through established
osteogenesis assays and metabolomics studies. ACP-Glu behaved excellently in boosting cell
energy metabolism and osteogenesis properties. Enhanced energy metabolism, particularly
increased tricarboxylic acid (TCA) cycle activity, could compensate for anaerobic glycolysis
and supply the energy required for tissue repair. This material could be used as a biomaterial
for bone regeneration with a faster healing rate by triggering more efficient in situ energy

metabolism.
Practical application of the work

The metabolomic evaluation of systemic metabolic changes during bone regeneration offers a
valuable reference for various biomedical fields, including nutrition, clinical medicine,
rehabilitation, and bioengineering. Biomaterials absorbing small molecules from their environment
are crucial in material design, highlighting the importance of interactions between materials and the
adsorbed molecules. This Thesis demonstrates how metabolomics, as a powerful research tool, can
be applied to evaluate biomaterials used in tissue engineering. The newly developed biomaterial,
ACP-Glu, has shown the ability to significantly enhance bone cell activity by regulating energy
metabolism. This material can replace biologically inactive bone fillers and improve regeneration
outcomes. Moreover, utilizing endogenous metabolites to modulate biological responses presents a
safer alternative to other bioactive additives, such as cytokines and growth factors. The primary
practical outcome of this Thesis is the development of ACP-Glu, which can aid patients with bone

defects by accelerating hard tissue repair through replenishing depleted nutrients.
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Background

In 2019, 178 million new fractures and 455 million cases of acute or long-term fracture symptoms were
reported globally [1]. Artificial interventions for repairing hard tissue defects are critical for effectively
treating patients and improving their quality of life. Today, bone tissue engineering is advancing rapidly,
utilizing cutting-edge biomaterials, scaffold designs, and cell-based therapies to develop innovative
bone regeneration and repair solutions. Calcium phosphate plays a crucial role in bone tissue
engineering as it mimics the mineral composition of natural bone, promoting osteoconduction and
osteoinduction [2]. Its biocompatibility allows for seamless integration with surrounding tissues,
supporting bone regeneration and healing. Calcium phosphate-based scaffolds are widely used in tissue
engineering to provide structural support and enhance cell attachment and proliferation, facilitating
effective bone tissue regeneration [3]. Cold sintering, a novel processing technique, enables the
consolidation of materials at significantly lower temperatures than traditional sintering methods,
typically below 300 °C [4]. In the context of calcium phosphate, cold sintering offers a unique method
for fabricating biocompatible scaffolds and implants with improved mechanical properties while
preserving the chemical integrity of the material. This approach is especially advantageous for
producing calcium phosphate-based biomaterials that incorporate bioactive small organic molecules for
bone tissue engineering, as it reduces the risk of deactivating organic molecules and allows for better

control over the final structure and properties of the implants.

Bone homeostasis is closely tied to metabolic processes, making metabolites valuable indicators for
studying bone regeneration [5]. Metabolomics has been employed to identify potential biomarkers for
diagnosing and prognosticating bone injuries [6], osteoporosis [7], and osteosarcoma [8].
Characterizing small molecular changes during bone regeneration can lead to the development of more
efficient, personalized, and biomimetic tissue engineering solutions, contributing to improved healing

outcomes and reduced complications in clinical practice [9].

This study leverages metabolomics technology in three key areas: 1) exploring hard tissue repair
processes following bone defects in vivo, 2) understanding cell-material interactions at the molecular

level, and 3) developing and characterizing novel materials.

10



Metabolic changes during bone healing in animal models

A critical-size calvarial defect model in rats was employed to evaluate metabolic changes during bone
healing, a model recognized for its reliability and reproducibility in biomaterial assessment without the
need for mechanical fixation. Calvarial defects, 8 mm in diameter, were created in male Wistar rats (8—
12 weeks old) using trepanation. These defects constituted critical-size defects. Two groups were
established for the study. In the first group (n = 6), the defect was left untreated (without repositioned
calvaria group). In the second group (n=75), the excised calvaria was cut into four pieces and
repositioned in the defect site to promote healing (excised calvaria repositioned group). Blood samples
were collected at three time points: before surgery, Day 1, and Day 3 — post-surgery. Metabolite
extraction was performed using a methanol-based method, incorporating isotopically labeled internal
standards. Targeted quantitative metabolite analysis was then performed using HILIC-based liquid
chromatography, which enabled the quantification of 33 metabolites. The resulting metabolite profiles

are presented in Fig. 1.

A B
FC to Day 0 FC to Day 0
4-Hydroxyproline 4-Hydroxyproline
Butyrylcarnitine Butyrylcarnitine
Carnitine Carnitine
Citrulline Citrulline
Creatinine Creatinine
Histamine Histamine
Isovalerylcarnitine Isovalerylcarnitine
Kynurenine Kynurenine 1
L-Acetylcarnitine L-Acetylcarnitine S
L-Alanine L-Alanine
L-Arginine L-Arginine
L-Asparagine L-Asparagine
L-Cystine L-Cystine
L-Glutamic acid 1.0 L-Glutamic acid
L-Glutamine L-Glutamine
L-Histidine L-Histidine
L-Isoleucine L-Isoleucine
L-Leucine L-Leucine
L-Lysine L-Lysine 1.0
L-Methionine L-Methionine ’
L-Octanoylcarnitine L-Octanoylcarnitine
L-Phenylalanine L-Phenylalanine
L-Proline L-Proline
L-Serine L-Serine
L-Threonine L-Threonine
L-Tryptophan L-Tryptophan
L-Tyrosine L-Tyrosine
Methylhistidine 0.5 Methylhistidine
Ornithine Ornithine
Propionylcarnitine Propionylcarnitine 0.5
Putrescine Putrescine
Taurine Taurine
QN D QN D
R
Sy FR
Excised calvaria repositioned Without repositioned calvaria

Fig. 1. Serum metabolites of rats with a bone defect: A — with calvarial bone repositioned back to the defect; B —
the defect was left empty.

A metabolite analysis of blood samples obtained from the sheep model with a bone defect was
performed to confirm the results. For this study, twelve healthy female Swiss white Alpine sheep aged
2-5 years and weighing 60—79 kg underwent pre-enrolment radiological and clinical assessments [10].
After a two-week acclimatization period, serum was collected, and a wedge bone fragment was applied
to the tibia. Additional serum samples were taken on days 10, 22, and 29 (post-surgery), followed by

euthanasia. Serum samples were further processed using a methanol-based extraction protocol. These
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prepared samples were analyzed using LC-MS-based targeted metabolomics, incorporating HILIC-
based liquid chromatography, paired with high-resolution mass spectrometric detection. Data
processing was conducted using Trace Finder 4.1 software (ThermoScientific). 46 metabolites were

detected to evaluate bone healing processes in sheep, as shown in Fig. 2.
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Fig. 2. Serum metabolites of sheep during bone regeneration.

The data analysis of the metabolomics results was performed using MetaboAnalyst 6.0 and GraphPad
Prism 9. From analyzing the serum metabolite changes during bone regeneration among both animal
models, glutamine and glutamate were the most significantly changed metabolites with a negative

relationship to time (Fig. 3 A, C). It is worth noting that glutamine is pivotal as a precursor for glutamate
(Fig. 3 B).
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Fig. 3. Metabolomics results indicate a decrease in glutamine and glutamate during bone regeneration among all
in vivo models. A — Glutamine and glutamate concentrations in rat serum decreased during the regeneration
process following a calvarial bone defect, with glutamine showing a more pronounced reduction. The most
significant decline of both metabolites occurred on Day 1. B — The glutamine metabolism. Glutamine is primarily
metabolized into glutamate [11], [12]. C — The glutamate concentration of sheep serum during bone regeneration
showed a gradually decreasing trend. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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The progressive reduction in glutamate concentration during the healing process highlights its
significance as an informative biomarker, reflecting the temporal dynamics of bone healing in response
to injury. Glutamate is a critical tricarboxylic acid (TCA) cycle carbon source. In hard tissue-relevant
microenvironments, glutamate plays a central role in metabolic processes that influence energy
production and essential cellular functions, such as biosynthesis, redox regulation, and gene expression
[13]. This metabolic pathway is crucial for hard tissue regeneration, emphasizing the importance of
glutamine and glutamate as vital nutritional supplements supporting bone healing in cases of bone

defects.
Metabolomic investigation of cell-material interaction

The affinity of calcium phosphate (CaP) materials for macromolecules has been extensively studied.
However, limited information is available regarding CaP's affinity for metabolites. In this study, the
author systematically assessed how CaP influences the metabolic microenvironment, which can, in turn,
affect cellular functions. The CaP tablets (n =3) were first immersed in complete culture media
(DMEM supplemented with 10 % calf serum (Sigma-Aldrich) and 1 % Penicillin-Streptomycin) for 24
hours; before collection, conditioned medium was removed, and wells were washed with ammonium
bicarbonate, then quenched with cold 80 % methanol. The methanol-metabolite solution was collected
after 5 minutes of shaking. The samples were then dried using a vacuum centrifuge and reconstituted
for LC-MS analysis. Empty wells were used as controls to assess the differences in metabolite adhesion
to CaP. To evaluate the impact of adsorption on metabolite levels, the adsorbed metabolites were
compared with intracellular metabolite levels. Using Day 1 metabolite concentrations as a reference, 26
metabolites showed a high adsorption rate, with fold changes over 0.1 compared to the cell results
(Fig. 4). In general, CaPs showed a lower affinity with the negatively charged amino acids, aspartic
acid and glutamic acid. Lactic acid was adsorbed on both the CaP and the control groups, while the

lactic acid level on the CaP surface was almost 3 times higher than the control.
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Fig. 4. Metabolites adsorption compared with the cellular metabolite profile. Dashed line: fold change = 0.1.

Although calcium phosphate biomaterials have been widely applied in biomedical engineering, the
knowledge of how those materials influence cell metabolism is still missing. The in vitro cell
metabolomic characterization was used in bioceramics to understand the cellmaterials interaction at a
small molecular level. Here, the NIH/3T3 cell line was cultured on CaP tablets. Culture medium was
DMEM with 10 % FBS and 1 % P/S, with an initial seeding density of 6 x 10* cells/ml and 1 ml per
well/tablet. Cells were washed with ammonium bicarbonate (75 mM, 37 °C) to remove residual
metabolites from the culture medium, then quenched in cold 80 % methanol to inhibit enzyme activity.
After scraping, the samples were centrifuged. The supernatant was dried by a vacuum centrifuge, and
isotopically labeled internal standards were added to the dried samples. Finally, the reconstituted
samples were transferred to glass vials for LC-MS analysis. Intracellular metabolites were collected
from cells exposed to materials for 1, 3, and 5 days (Fig. 5A). Hydroxyapatite (HAp) and B-tricalcium
phosphate (TCP), along with their composites in different ratios — 95 % HAp and 5 % TCP (H95), and
58 % HAp and 42 % TCP (H58) — were used. The composite compositions were selected based on
commercial products MBCP® and 4BONE®. The initial exposure to CaPs resulted in a shock pressure
on the energy metabolism response to biomaterials, presented by more extensive variability in
metabolite profiles. There is a significant difference between the material groups and the control (CNT)
among the metabolites involved in energy metabolism (Fig. 5 C). This indicated that the calcium
phosphate materials hugely impacted energy production. In the detailed pathway alteration evaluation
applied through enrichment analysis (SMPDB), glycolysis stands out as the most influenced pathway
(Fig. 5 B), followed by other energy metabolism pathways, which are all included in the top 6. Cells
interacting with CaP surfaces displayed increased energy consumption due to heightened glycolysis and

TCA cycle activity.
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Fig. 5. Metabolomics investigation of cell-materials interaction on calcium phosphate: A — illustration of the
experiment procedure; B — pathway enrichment analysis of the intracellular metabolites compared between
calcium phosphate materials and the control (metabolomic data from Day 1); C —heatmap of detected metabolites
in energy metabolism (metabolomic data from Day 1).

The influence of exposure time and material composition on metabolism

PCA score plots revealed a close clustering of the CaP materials group and a substantial separation
between the materials and control groups (Fig. 6). The metabolite changes at the earlier time point
presented a more significant variation than the later time points, especially on PC1 (43.1 %), suggesting
a more substantial distinction between CaPs and control groups at the initial phase. The amplitude of
changes in metabolites gradually becomes smaller. This finding suggests that cells can adjust to the new

environment.

10 Group
: D1_CNT
3 5+ @® D3_CNT
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&0 Iy o SO D1_CAP
§ 3 D3_CAP
5+ '. ® D5_CAP

PC1 (43.1%)
Fig. 6. Cluster analysis by PCA with all CaP and control groups from days 1, 3, and 5 (n = 4).

The development of amorphous calcium phosphate with glutamate

Synthesis and manufacture of ACP-Glu

According to the experimental results above, the concept of amorphous calcium phosphate with
glutamate (ACP-Glu) was developed. To synthesize ACP with glutamate (ACP-Glu), a 150 mM
calcium glutamate solution was prepared in deionized water. Subsequently, the pH of the calcium
glutamate solution was carefully adjusted to 11.5 using a 3M NaOH solution. Following the pH
adjustment, an equal amount (150 ml) of 100 mM trisodium phosphate solution was added rapidly to
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the calcium glutamate solution (total volume 300 ml). Throughout the process, continuous stirring was
maintained. Immediately after precipitation, the suspension was centrifuged at 3000 rpm for 5 minutes,
and the resulting precipitate was washed three times with deionized water. The precipitate was then
frozen by immersing the centrifuge tube in liquid nitrogen for 15 minutes, followed by freeze-drying
for 72 hours. The resulting powder was transferred to a 13 mm split-sleeve pressing die (W18Cr4V
hardened carbon tool steel, Across International), with tape applied to prevent sticking and
contamination. Uniaxial pressure of 1.5 GPa, increasing at approximately 15 MPa/s, was applied using
a PW 100 ES electrohydraulic press (P/O/WEBER) and held for 5 minutes before gradual release. The
compacted sample was then extracted, with the cold pressing conducted at room temperature (18—
25 °C). These pressed tablets were prepared for subsequent in vitro evaluations. For the in vitro
evaluations, 0.3 g of each synthesized ACP-Glu was used, while ACP and HAP powders were used as
control groups for comparison. The synthesis process and material tablet preparation are illustrated in
Fig. 7.
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Fig. 7. Material manufacture: A — the synthesis of ACP-Glutamate; B — the preparation of material tablets through
cold sintering.

Characterization of ACP-Glu

The prepared ACP-Glu, along with amorphous calcium phosphate (ACP) and hydroxyapatite (HAP),
was characterized using scanning electron microscopy (SEM) and X-ray diffraction (XRD). The cold-
sintered tablets exhibited a flat surface with particle sizes around 14 nm (Fig. 8 A). The surface
morphology and particle sizes of ACP and ACP-Glu were similar. XRD analysis revealed that ACP and
ACP-Glu displayed amorphous patterns, while HAP exhibited the characteristic crystalline structure of
apatite (Fig. 8 B). The carboxylate ions in glutamate play a role in stabilizing the amorphous phase of
ACP [14].
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Fig. 8. Characterization of ACP-Glu: A — SEM imaging of ACP and ACP-Glu (scale bar: left 4 um and right
400 nm); B — XRD pattern of ACP, ACP-Glu, and HAP.

Glutamate release characterization of ACP-Glu

Cold-sintered ACP-Glu tablets (13 mm in diameter, 0.3 g in weight) were submerged in 1 ml of culture
medium (DMEM) in a well plate. Conditioned media (50 pl) were collected at 1, 3, 6, 9, 24, 48, and 72
hours post-immersion. 200 pul of methanol was added to each sample to achieve an 80 % methanol
proportion. The prepared samples were then analyzed via LC-MS. A line chart illustrates the glutamate
release from ACP-Glu in DMEM, with a simple linear regression analysis used to model the release
rate (Fig. 9). Both zero-order and first-order models described the cumulative glutamate release well
(R?2=10.995 and 0.995, respectively). The fitted curves were visually overlapping over 0—72 h, and the
two models are statistically hard to distinguish at our sample size. The glutamate release rate was
calculated to be approximately 0.01454 nmol (2.14 ng) per hour. This steady, controlled release allows
for precise dosage control in bone tissue, helping to achieve the desired therapeutic effect while

minimizing potential side effects caused by excessive release.

Unlike surface-coated drug delivery systems, where the active ingredient is external, the glutamate in
ACP-Glu is integrated within the material during synthesis. As a result, it exhibits a linear release profile,
in contrast to the burst release commonly observed in non-internally loaded materials. Compared to
other ACP-based drug delivery systems, which typically show an increasing release trend over time
[15], [16], this release from ACP-Glu can match the gradually descending glutamine and glutamate
levels from in vivo experiments. It is important to note that the experimental setup utilized a stationary
environment to mimic in vitro conditions. In real biological scenarios, where various factors such as
cell types (e.g., osteoclasts) and dynamic elements like blood flow are present, glutamate's release or

uptake rate may differ.
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Fig. 9. Glutamate release from ACP-Glu for 72 hours.

Metabolomics investigation of cells on ACP-Glu

MC3T3-E1 preosteoblast-like cell line cultured in DMEM (Gibco) with an extra 50 pg/ml L-ascorbic
acid (vitamin C), 10 % FBS (heat-inactivated), and 1 % P/S was applied for metabolomics investigation
[17]. The seeding density was 3.5 x 10* cells/ml and 1 ml per well/tablet. The medium recipe of DMEM
lacks extra glutamate, which can perfectly mimic the bone injury situation shown in animal studies.
Cells were cultured with materials (ACP, ACP-Glu, HAP, and control) for 3 days. On day 3, metabolites
were collected by removing the media, washing the cells 3 times with 75 mM ammonium bicarbonate
solution, and quenching with cold 80 % methanol. After scraping, the samples were transferred to
Eppendorf microtubes and vortexed for 15 seconds. The samples were then centrifuged at 1000 xg at
0 °C to remove proteins, and the supernatant, containing the metabolites, was collected. The metabolites
were dried using a vacuum centrifuge and reconstituted using 80 % methanol and an internal standard.
Furtherly targeted quantitative metabolite analysis was conducted using HILIC-based liquid
chromatography coupled with mass spectrometric detection on a triple quadrupole mass spectrometer.
Statistical analysis was applied through MetaboAnalyst 6.0. For metabolomics data, obtained
concentrations were log-transformed and scaled by mean-centering, and each variable was divided by

the standard deviation.

Differential metabolite profiles of ACP-Glu and control groups

The volcano plot in Fig. 10 compares the metabolite profiles between ACP-Glu and the control group
(CNT, without materials). Two metabolites stand out due to significant alterations: glucose 6-phosphate
(FC = 0.20, p < 0.0001) and citric acid (FC = 173.20, p < 0.001). Glucose 6-phosphate was notably
downregulated, while citric acid was significantly upregulated. Glucose 6-phosphate plays a critical
role in glucose metabolism, and its downregulation suggests disruptions in energy metabolism or
cellular signaling pathways. As the second metabolite in the glycolysis pathway, its reduced levels
indicate that the initial steps of glucose metabolism are inhibited. This inhibition could be attributed to
enhanced gluconeogenesis, a process supported by the additional availability of glutamate. Citric acid,

an important intermediate in the tricarboxylic acid (TCA) cycle, was markedly upregulated. This
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increase may point to changes in energy production and the utilization of cellular resources. The
significant alterations in these metabolites highlight broader implications for energy metabolism,

nucleotide synthesis, neurotransmitter regulation, and cellular signaling processes.
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Fig. 10. Volcano plot of metabolites compared between ACP-Glu and CNT. The x-axis is the fold changes,
presented as Log2(fold changes); the y-axis is the p-value, presented as —Log10(p-value).

Metabolite difference between ACP-Glu and ACP

The volcano plot in Fig. 11 compares the metabolites between ACP-Glu and ACP. Citric acid increased
10 times, while malic acid increased 4.4 times from ACP-Glu samples compared with ACP. Consistent
with previous assessments, these metabolites are closely associated with energy metabolism,
particularly within the TCA cycle. Elevated adenosine levels indicate increased turnover or synthesis
of ATP. This could suggest higher energy demands or alterations in ATP utilization or recycling within
the cells treated with ACP-Glu. From this result, we can conclude that ACP-Glu has a distinct impact
on cellular metabolism, particularly in pathways associated with energy production. The higher levels
of TCA cycle intermediates and adenosine in the ACP-Glu group than in the ACP imply potential
enhancements or modifications in cellular energy metabolism, possibly leading to increased ATP

production or turnover.
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Fig. 11. Volcano plot of metabolites compared between ACP-Glu and ACP. The x-axis is the fold changes,
presented as Log2(fold changes); the y-axis is the p-value, presented as —Log10(p-value).

Focusing on specific metabolites, pre-osteoblasts cultured with ACP-Glu displayed significantly
elevated levels of citric acid, approximately 8 times higher than those in the other two CaP groups and
about 80 times higher than in the control group (CNT), as shown in Fig. 12 A. Additionally, all CaP
groups exhibited higher lactate levels than CNT, though cells treated with ACP-Glu showed lower
lactate levels, 0.7 relative to ACP and 0.6 relative to HAP. An enrichment analysis based on the Small
Molecule Pathway Database (SMPDB) is presented in Fig. 12 B. The top three enriched pathways — the
Warburg effect, acetyl groups into mitochondria, and the TCA cycle — are all associated with energy-
producing metabolic processes. The introduction of glutamate appears to induce significant changes in
osteoblast metabolism related to energy production. The pathway illustration in Fig. 12 C shows the
downregulation of metabolites involved in glycolysis, particularly those related to glucose, the primary
sugar substrate. The supplementation of glutamate reduces the reliance on anaerobic glycolysis.
Furthermore, the increased anaerobic glycolysis typically induced by CaPs seems to be mitigated by
glutamate. Interestingly, metabolites associated with the TCA cycle either remained unchanged or were

upregulated, indicating a possible enhancement in TCA cycle activity.

The map also depicts an alternative metabolic route leading to the synthesis of other amino acids. While
glutamine experiences a reduction, the levels of two different amino acids, ornithine and proline, remain
unaltered. Considering the variations in these metabolic pathways, it becomes evident that the additional

glutamate from the substrate actively participates in the TCA cycle.
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Fig. 12. Energy metabolism pathway alteration: A — the citrate and lactate levels of all groups (*p < 0.05, **p <
0.01); B — pathway enrichment analysis compared between ACP-Glu and ACP groups; C — metabolism pathway
maps are compared between ACP-Glu and ACP (upward arrow means the metabolite level is higher in ACP-Glu,
while the downward arrow means the metabolite level is lower in ACP-Glu).

ACP-Glu exhibits a distinct metabolic profile, with citric acid levels approximately 8 times higher than
those in the other two CaP groups and about 80 times higher than in the CNT group. The findings
indicate significant alterations in key energy-related pathways, including the TCA cycle and glycolysis.
Elevated citric acid and malic acid levels suggest increased TCA cycle activity, which may lead to
enhanced ATP production or turnover. These metabolic changes highlight the potential of ACP-Glu to
influence bone cell behavior, potentially impacting critical processes related to bone health,

regeneration, and remodeling.
Osteogenic assessment of ACP-Glu in vitro

MC3T3-E1 preosteoblast-like cell line cultured in DMEM (Gibco) with an extra 50 pg/ml L-ascorbic
acid (vitamin C), 10 % FBS (heat-inactivated), and 1 % P/S was applied for in vitro investigation of
osteogenesis [17]. For the biocompatibility test, materials were prepared into small sizes (diameter
6 mm, weight 0.07 g) through cold sintering, and cells were cultured in a 96-well plate with a seeding

density of 10,000 cells per well/tablet. The larger-sized material disks were used for the calcium and
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phosphate-releasing tests and osteogenesis evaluation (diameter 13 mm, weight 0.3 g). The seeding
density was 3.5 x 10* cells/ml and 1 ml per well/tablet. The media recipe of DMEM lacks extra
glutamate, which can perfectly mimic the bone injury situation shown in animal studies. The materials
used for in vitro evaluation were ACP, ACP-Glu, and HAP, while the group without biomaterials was

set as a control group.

Biocompatibility test

Cell proliferation was assessed by measuring metabolic activity using the Cell Counting Kit-8 (CCK-
8) assay after 24 hours, with cells cultured in DMSO as the positive control group. Cytotoxicity was
tested by taking the conditioned cell culture media and presented by LDH assay at 24, 72, and 120 hours
after seeding the cells (Fig. 13). The cell viability assessment using CCK-8 indicated that ACP-Glu
exhibited higher cell viability compared to both the control (p = 0.0102) and HAP (p = 0.0166), with
no significant difference observed between ACP and ACP-Glu (p = 0.5150). The presence of glutamate
in ACP-Glu could play a role in promoting cell viability. Glutamate is an amino acid involved in various
cellular processes, including energy production and protein synthesis. It provides additional nutrients
or supports the metabolic activities of the cells, leading to higher cell viability [18]. The lower cell
viability observed without glutamate suggests that this amino acid is essential for energy metabolism,
protein synthesis, and neurotransmission. A deficiency in glutamate can impair these processes,
resulting in reduced cell viability. The lactate dehydrogenase (LDH) assay, which measures the release
of LDH — an enzyme released when cell membranes are damaged — showed no toxicity across all groups.
Although differences in cell viability were observed in terms of proliferation, the release of glutamate

did not cause damage to cell structures or lead to cell death.
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Fig. 13. A — Cell proliferation of MC3T3-E1 cultured after 24 hours (n = 4), *p < 0.05. B — Released LDH levels
of all groups after culturing 24, 72, and 120 hours (n = 3).

Extracellular and intracellular calcium and phosphate levels
As described earlier, calcium and phosphate levels in the conditioned culture media were measured on

days 10 and 14 after cell seeding. The calcium level in the medium was measured by a calcium
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colorimetric assay kit (Sigma), and the phosphate level in the medium was measured by a phosphate
assay kit (Sigma). One-way ANOVA followed by a post hoc Tukey test was used to detect group
differences. Both ACP and ACP-Glu demonstrated enhanced calcium ion release, even in the presence
of pre-existing calcium ions in the culture medium (Fig. 14 A). Notably, the conditioned media from
ACP-Glu contained significantly higher calcium ion levels, 2.2 times greater than ACP and 1.9 times
greater than HAP on day 14, suggesting that the amorphous crystals dissolve faster than hydroxyapatite.
Osteoblasts near the material can take up these calcium ions from the medium, which can then be used
for bone mineralization and other cellular processes [19]. Amorphous calcium phosphate has higher
solubility compared to HAP [20]. This means ACP readily dissolves in aqueous solutions, including
culture media, releasing calcium and phosphate ions into the surrounding liquid — the lack of a defined
crystal structure in ACP results in faster dissolution kinetics. This is because the disordered structure of
ACP allows water molecules to penetrate more efficiently, leading to quicker breakdown and release of
calcium and phosphate ions [21]. This makes the difference in the solubility of ACP under different

environments (temperature, pH).
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Fig. 14. A — Calcium and phosphate levels in the media on day 10 and day 14. B — Intracellular calcium and
phosphate levels on day 14, presented by OD.

Intracellular calcium and phosphate levels were quantified on day 14 in triplicate for each group, as
shown in Fig. 14 B. After removing the culture media, the cells were washed twice with PBS. Tris-HCI
containing 1 % Triton X-100 was used to lyse the cells, and the collected samples were transferred into
Eppendorf microtubes and vortexed for 15 seconds. lon levels were then measured using a calcium
colorimetric assay kit (Sigma) and a phosphate assay kit (Sigma) on a 96-well plate. The results showed
that HAP and ACP-Glu promoted higher intracellular calcium levels than ACP. However, the groups
had no significant differences in intracellular phosphate levels. ACP-Glu creates a high-calcium
environment that enhances calcium uptake by cells, with glutamate possibly influencing calcium
metabolism. This may affect calcium signaling and cellular responses, improving calcium uptake in

cells [22]. Notably, the data is from only one time point, which is already after 14 days of culture. There
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may be unknown influences from many other factors during this period, such as calcium and phosphorus

deposits caused by parts mineralized on the CaP tablets.

Osteogenesis evaluation

An alkaline phosphatase (ALP) assay was performed using p-nitrophenyl phosphate tablets (Sigma) to
evaluate the initial stages of osteogenesis in cells cultured on CNT, ACP, ACP-Glu, and HAP. ALP
activity was measured by quantifying the formation of p-nitrophenol from p-nitrophenyl phosphate.
ALP plays a crucial role in mineralizing the extracellular matrix in bone tissue. As pre-osteoblasts
mature into osteoblasts, they synthesize the bone matrix, which includes collagen and other proteins.
ALP facilitates matrix mineralization by dephosphorylating compounds like inorganic pyrophosphate,
a mineralization inhibitor. The ALP level at the initial point in time is similar (Fig. 15 A). ALP level of
ACP-Glu showed a significantly higher level at later points. As an osteogenic marker, ALP reflects
early osteoblast differentiation and the progression of osteogenesis. These results suggest that the ACP-

Glu ceramic tablet promotes better osteogenic differentiation than the control, ACP, and HAP.

Osteopontin (OPN) and osteocalcin (OCN) levels were measured in the culture medium on days 7 and
14 to assess osteogenic signaling markers further. OPN levels were evaluated using the Mouse
Osteopontin ELISA Kit (RAB0437) from Sigma, and OCN levels were assessed using the Mouse
Osteocalcin ELISA Kit (ab285236) from Abcam. The ACP-Glu group exhibited significantly higher
OPN levels at both time points. On day 7, ACP-Glu showed no significant difference from ACP and
HAP but displayed a notably higher level than the control group (Fig. 15 B). OPN is an intrinsically
disordered protein featuring a notable negative charge, with approximately 25 % of the protein's
composition comprising aspartate or glutamate residues [23]. As the supplier of one of the significant

compositions of this protein, ACP-Glu may contribute to the manufacture of OPN as well.
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Fig. 15. Osteogenesis marker level: A — ALP level compared to CNT; B — OPN level; and C — OCN level.

The OCN level on day 7 showed a similar pattern across all groups. OCN, a marker of mature
osteoblasts involved in bone matrix production, indicated that the cells in all groups were at a relatively
early stage of osteoblast differentiation on day 7 (Fig. 15 C). The effects of the presence or absence of
glutamate became apparent on day 14. The OCN level in cells cultured on ACP-Glu was 1.86 times
higher than that in the ACP group and 2.57 times higher than that in the HAP group. This suggests that
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the cells in the ACP-Glu group had advanced further in their differentiation and maturation by day 14.
The presence of glutamate in the ACP-Glu group likely enhanced osteoblast activity and accelerated
differentiation. The significant increase in OCN level over time indicates that the differentiation process

in the ACP-Glu group may be progressing more rapidly than the other groups at both time points.

Mineralization evaluation

Alizarin Red staining is commonly used to detect and quantify calcium deposits, indicating
mineralization in biomaterials. This dye binds to calcium ions, producing a red color that can be
visualized and quantified using microscopy or spectrophotometry, aiding in the characterization of
osteogenic differentiation and mineralization in tissue-engineered constructs. An indirect culture
method was applied to prevent direct staining of the materials themselves. The materials, in powder
form, were placed on a transwell insert above the cultured cells (as indicated in Fig. 16 A). MC3T3-E1
cells were seeded in a 6-well plate at a density of 3.5 x 10* cells/ml and 3 ml in each well, cultured
under non-glutamate media (DMEM as described at the beginning of this chapter) for 21 days in
triplicate. Pure ACP material was applied as the control group. The results revealed distinct
mineralization patterns across the experimental groups, as assessed by Alizarin Red staining. After 21
days of culture, the media was removed, and the wells were gently washed three times with deionized
water. Subsequently, 1 ml of Alizarin Red solution was added to each well for 1 minute, followed by
five washes with deionized water. The ACP-Glu groups exhibited better mineralization results
(Fig. 16 B). Macroscale images showed a more intense red staining on the well-plate surfaces in the
ACP-Glu groups. Under optical microscopy, more extensive mineralized deposits were observed in the
ACP-Glu groups than in other groups. Although material penetration through the transwell filter may
have affected the experiment's precision, the results were still significant when comparing both calcium
phosphate (CaP) materials. Not only the calcium but also the glutamate released from the materials
contribute to the osteogenesis of osteoblasts. The absence of glutamate appeared to limit osteoblast
mineralization, while the presence of glutamate-containing materials enhanced the primary function of
osteoblasts in forming new bone structures. These findings further demonstrate the superior osteogenic

induction capabilities of ACP-Glu in promoting mineralization and bone formation.
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Fig. 16. Alizarin Red staining: A — illustration of indirect cell culture with materials; B — the overall view after a
camera and the microscope captured Alizarin Red staining. ACP-Glu is up, and ACP is down in the figure. Scale
bar = 30um.
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Conclusions

Critical-size bone defects lead to significant metabolic fluctuations, notably depleting
nutritional metabolites and reducing glutamine and glutamate.

Calcium phosphates (CaPs) adsorb low molecular metabolites, particularly amino acids, and
influence cellular amino acid and energy metabolism pathways.

Anaerobic metabolism increases when cells come into contact with CAPs, especially on day 1.
Amorphous calcium phosphate (ACP) with glutamate (ACP-Glu) demonstrates controlled and
gradual release of glutamate in 3 days, which is critical for supporting cellular functions during
tissue repair.

Cold-sintered ACP-Glu outperforms hydroxyapatite and ACP in promoting cellular
mineralization processes, with 2 times higher OCN and OPN levels and more prominent
Alizarin Red staining results.

ACP-Glu changes energy metabolism, particularly enhancing the tricarboxylic acid cycle post-
gluconeogenesis. Exposure to ACP-Glu resulted in an 8 times higher intracellular citric acid

level than other investigated CAPs.
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