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General Characteristics of the Thesis 

Background 

As of September 2025, the most recent comprehensive global data on fractures remains from 

year 2019, 178 million new fractures and 455 million acute or long-term fracture symptoms 

were reported globally. 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. 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. 

Aims and objectives 

The aim of the work was 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 work: 

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 thesis 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 work demonstrated that ceramic biomaterials are 

capable of adsorbing 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 

This research presents a metabolomics-based evaluation of animal serum during bone 

regeneration, providing novel insights relevant to several biomedical disciplines, including 

nutrition, clinical medicine, rehabilitation, and bioengineering. The study demonstrates that 

biomaterials can adsorb small molecules from their surrounding environment, which offers 

valuable guidance for the rational design and functionalization of future biomaterials. The 

investigation into cell–material interactions further highlight the relevance of metabolic 

pathways such as anaerobic glycolysis, which is closely associated with chronic inflammation. 

These findings emphasize the importance of considering cellular metabolic states in developing 

bioactive materials, potentially opening new avenues for anti-inflammatory biomaterial design. 

A notable contribution of this work is its integration of metabolomics into biomaterial 

research—an area where a significant gap exists between material science and bioinformatics. 

The methodologies and results presented in this thesis can serve as a reference model for future 

studies aiming to assess the biological performance of materials using omics technologies. The 

novel biomaterial developed in this study, amorphous calcium phosphate incorporating 

glutamate (ACP-Glu), has been shown to significantly enhance the activity of bone-forming 

cells through the modulation of energy metabolism. This material exhibits strong potential to 

replace conventional, biologically inert bone fillers, offering improved outcomes in bone 

regeneration. Furthermore, incorporating endogenous metabolites to elicit biological responses 

represents a safer and more physiologically compatible alternative to commonly used bioactive 

additives, such as cytokines and growth factors. This metabolite-guided strategy aligns with 

current trends toward minimally invasive and patient-friendly biomaterial solutions. In 

conclusion, the primary practical outcome of this thesis is the development of the ACP-Glu 

biomaterial, which shows promise in promoting faster and more effective bone healing. Its 

potential clinical translation could contribute to improved patient recovery and enhanced 

outcomes in orthopedic and regenerative medicine applications. 

Structure and volume of the thesis 

The thesis consists of an introduction and 4 chapters: literature review in Chapter 1, 

methodological part (Materials and Methods) in Chapter 2, results and discussions in Chapter 

3, and conclusion in Chapter 4. The work also includes a list of figures and tables, and an 

explanation of abbreviations. The main text of the thesis is presented on 121 pages; the volume 



of the work together is 187 pages. The work includes 58 Figures, 4 tables, and 1 appendix. 167 

bibliography sources are used in the work. 
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Literature Review 

1.1 Tissue engineering and biomaterials 

Tissue engineering, first defined by Langer in 1993, is a multidisciplinary field that uses the 

concepts of engineering and the life sciences to create biological replacements that restore, 

maintain, or enhance tissue function (1). The importance of tissue engineering is profound and 

far-reaching. Traditional therapies often fail to address the intricate tissue repair and 

regeneration dynamics. Organ transplantation, while life-saving, is plagued by scarcity, 

immune rejection, and lifelong dependence on immunosuppressive drugs (2). Tissue 

engineering promises to alleviate these challenges by providing patient-specific, tailor-made 

solutions. Through manipulating cellular behavior and creating three-dimensional structures 

that mimic native tissue environments, tissue engineers strive to produce functional substitutes 

that can seamlessly integrate with the patient's body, bypassing the barriers of rejection and 

minimizing long-term complications (3,4). 

Biomaterials serve as the architectural foundation upon which tissue engineering strategies are 

built. Biomaterials have a long history as an aid in medicine. As a combination of biology, 

medicine, materials science, and engineering, the progress of biomaterials as a discipline is 

also swift. Biomaterials nowadays enable the translation of scientific concepts into tangible 

therapeutic solutions, potentially regenerating damaged or diseased tissues, improving patient 

outcomes, and revolutionizing medicine. There are many ways to classify biomaterials. 

Materials can be initially divided into polymers, ceramics, metals, alloys, and composites based 

on their composition. Considering the source of the materials, it can be divided into natural 

biomaterials and synthetic biomaterials (5). Divided by biological properties, there are inert 

biomaterials and bioactive materials (6). Considering the biomaterials used in current medical 

practice, besides the medical implants for tissue regeneration or replacement purposes, there 

are also molecular probes and nanoparticles, biosensors, and drug-delivery systems (7). 

Depending on the application, biomaterials have various performance requirements for tissue 

engineering purposes. These include biocompatibility, mechanical properties, cell adhesion, 

migration and proliferation, angiogenesis promotion, bioactive factor delivery or biological 

functionality, immunomodulation, and so on (3,4,8,9). Balancing these functions while 

considering the specific requirements of the target tissue type is crucial for designing 

biomaterials that effectively contribute to successful tissue engineering outcomes. The 
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interplay between biomaterial properties, cellular behavior, and tissue development is at the 

heart of creating functional and viable tissue substitutes for various medical applications (10). 

1.1.1 Biomaterials for bone tissue engineering 
Biomaterials in bone tissue engineering have evolved from early metal and ceramic implants 

to synthetic polymers and later composites with functional designs (11). The current focus 

involves biomaterials integrated with cells, growth factors, and additive manufacturing, aiming 

for active engagement in bone remodeling and enhanced interactions with stem cells for 

advanced functional bone regeneration (10). Biomaterials for bone tissue engineering have 

been created mainly to trigger particular biological reactions. Like any bodily tissue, bone 

consists of characteristic cell types surrounded by an extracellular matrix (ECM), with 

biologically active molecules integrated into the ECM or produced by the cells. Bone tissue is 

a natural nanocomposite material with organic proteins (primarily type I collagen), inorganic 

minerals (mainly calcium phosphate), and various cells located at different places (5) (Figure 

1). The structure can be divided into a few levels. There are two types of bones: compact bone 

and spongy (cancellous) bone. Compact bone is the outer layer of bones that consists of dense 

bone tissue that provides strength and protection. It forms the hard outer shell of bones and 

provides most mechanical properties, like support. Spongy bone is a network of trabeculae, or 

bony struts, creating a porous or cancellous bone structure. This arrangement is lighter than 

compact bone and helps in shock absorption. Within compact bone, the tissue is organized into 

cylindrical units called osteons. Each osteon consists of concentric rings of bone matrix called 

lamellae, surrounding a central (Haversian canal) region containing blood vessels and nerves. 

At the same time, osteons are interconnected by perforating canals (Volkmann's canals), which 

allow blood vessels and nerves to reach deeper into the bone. Collagen fibrils embedded with 

mineral crystals can be found at the nano level. At the molecular level, collagen is observed as 

the primary organic component of bone, while hydroxyapatite crystals are the inorganic 

component of bone. Due to this complex structure, the biological conditions of various bone 

tissues must be considered when designing and developing new biomaterials (5).  
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Figure 1 Hierarchical structure of bone, showing macroscopic, microscopic, and nanoscale organisation, including compact 

and spongy bone, osteons, lamellae, and mineralised collagen fibrils. 

Bone defects due to trauma, infection, tumors, surgical debridement of osteomyelitis, and 

various congenital diseases are prevalent worldwide, causing millions of patients in need of 

bone grafting operations. Conducting osseous repair with autograft, allograft, and synthetic 

materials is the most effective treatment for bone defects. In tissue engineering, autogenous 

bone has been considered the gold standard of bone implants for a long time (12). However, 

there are a lot of problems in clinical practice, such as the risk of donor site morbidity and the 

pain to patients after operations (13). Also, doubts are raised about the so-called gold standard 

(12). Additionally, many companies have developed commercially mature products for bone 

repair based on demineralized bone matrix (DBM). Although DBM is already widely applied, 

the risk of disease transmission and supply limitations still impact the stability and safety of 

products as implantable materials (14).  

Artificial materials have shown their advantages in manufacturing and costs compared with 

implants from biological sources (15). Various materials, such as alloys, polymers, and 

ceramics, have been used in bone tissue engineering. The family of Ti and its alloys is usually 

used in load-bearing applications to provide mechanical and structural support in bone 

replacement operations (16). Such inert materials are permanent in the body and cannot be the 

ultimate solution for bone repair. Polymers are classified into many types and are widely 

applied in tissue regeneration. The main disadvantage of polymers is their low mechanical 

properties. Even with structure designs, load-bearing tissues like bone applications still need 

improvement (5,17). Bone cements are usually applied as bone fillers during orthopedic 

surgeries. Commonly seen bone cement is based on polymethyl methacrylate (PMMA), CaP 
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(calcium phosphate), and CaS (calcium sulphate). However, there are many problems because 

of PMMA implants. The mechanical compatibility of PMMA could be improved, leading to 

the risk of subsequent fractures (18). The thermal necrosis due to the heat generated from the 

polymerization of PMMA during the surgery seriously threatens patients’ health (19). In 

addition, PMMA is not a biodegradable material. The biocompatibility is not perfect, and the 

phagocytosis of the material particles continuously happens (20). As a result, the risk of 

inflammation is unavoidable, even though many efforts have been made to modify the 

properties of PMMA. These limitations have driven the development of ceramic bone fillers 

(21). 

1.1.2 Bioceramic in bone repair 
Bioceramics have emerged as pivotal players in bone regeneration, offering innovative 

solutions for addressing bone defects, fractures, and degenerative conditions.  

Ceramics are widely applied in hard tissue engineering. Derived from either natural or synthetic 

sources, these materials possess high biocompatibility and structural resemblance to bone 

minerals. With their ability to promote osteogenesis and serve as scaffolds for tissue ingrowth, 

bioceramics stand at the forefront of modern medicine, propelling advancements in orthopedics 

and regenerative therapies to restore function and vitality to compromised skeletal structures 

(22). There are many kinds of ceramics used as bone fillers; the materials that are often used 

clinically are bioglasses, hydroxyapatite (HAp), beta-tricalcium phosphate (β-TCP), calcium 

sulphate, zirconia toughened alumina, and so on. 

The initial endeavor was to implant laboratory-produced calcium orthophosphate (specifically 

TCP) as an artificial material to mend surgically induced defects in rabbit bones in 1920. The 

researchers injected 0.5 or 1 c.c. of 5% TCP slurries in sterilized distilled water into surgically 

created radial bone gaps of rabbits, preserving the periosteum (11). The first study on crafting 

biodegradable porous β-TCP scaffolds was reported in 1971 (11). In the 1980s, more and more 

developments of commercialized hydroxyapatite bioceramics for the orthopedic and dental 

market showed up (23). Nowadays, the application and research on bioceramics have been 

focusing on drug delivery, implants, scaffolds, antibacterial, and other tissue engineering 

strategies. Materials science, tissue engineering, and additive manufacturing advancements 

have led to more sophisticated and effective bioceramic solutions for biomedical progress. 

Commercially available products are in large quantities. A summary of biodegradable 

commercial bone fillers was prepared (Table 1). To collect product data, the first step was to 
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search for injectable ceramic bone implant products via various search engines and other 

methods (e.g., MedicalExpo). Search terms were "bone cement" or "bone substitutes." Then, 

the product information was gathered by browsing the official websites, product brochures, 

and instructions provided by producers. The primary supplementary sources were public 

patents and literature with product information. Publications shown in patents were also 

referenced. The intended usage or indications of products were collected from the FDA's 510(k) 

premarket notification database and verified by literature. Products were abandoned when no 

clinical report could be searched. All the products selected are approved by CE and/or FDA. 

Analyzing commercial products' main applications can clarify how to design biomaterials that 

align with market needs and trends. It is worth noting that biodegradable calcium bone filling 

materials have a variety of clinical application methods, and the same material could also be 

used in different methods.  
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Table 1 Calcium-based biodegradable and injectable bone filler products and their information 

Company Product Main composition Main application Strength Working 
time/min 

Setting 
time/min 

Pore 
size/μm 

Pore 
rate 

Osteoinduct
ivity 

Degradation/
mon 

Acumed Carlos CaP, sodium silicate 
solution Filler for extremities and cranial 2 times greater than 

cancellous bone 2-6 4-6     

Biocomposites Genex ß–TCP, CSH Filler in pelvis and spine 3 times greater than 
cancellous bone  <15    2-3 (CS), 12 

(CP) 

Biomatlante In'Oss HAp, ß–TCP, 
hydrogelc 

Bone void filler in extremities, 
pelvis, spine, and dental 

No initial mechanical 
properties   

<10(1/3)
, 300-
600(2/3) 

70% 
  

BONE SUPPORT CERAMENT 
60%CSH, 40%HAp, 
iohexol mixing 
solution  

Bone void filler in extremities, 
pelvis, and spine 

6-12MPa (after 24h in 
Ringer solution) 3-5 15   

  

Exactech Ossilix CaP metaphyseal void filler 
2.4 times greater than 
cancellous bone after 6 
months 

<5 8-10   
  

50% in 6  

Graftys Graftys 
QuickSet 

78%α-TCP, 5%DCPD, 
5%MCPM, 10%Ca-
deficient HAp, 
2%HPMCd Na2HPO4 
solution,  

Bone void filler in extremities 
and pelvis 13±3MPa 2   63% 

  

 

 

JNJ 

ChronOS 
Inject 

42%β-TCP, 
21%MCPM, 31%β-
TCP, granules, 
5%MgHPO4·3H2O 

Bone void filler in extremities, 
pelvis, and spine, carrier of 
autogenous blood or bone 
marrow 

20MPa 3 6 100  

  

 

6-18 

 

Norian 

85%α-TCP, MgSO4 
12%CaCO3, 
3%MCPM, Na2HPO4 
solution 

Bone void filler in extremities 
and pelvis 

33MPa /35MPa 
/55MPae 2 3-6 47±2 30-

45% 

  

13-24 

MIS 4MATRIX 66%CSH/CSD, 
33%HAp Periodontology No initial mechanical 

properties 3-5  1-50, 
300-800   1-2 (CS) 
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BONDBONE  CSH, CSD Periodontology, binder No initial mechanical 
properties 3-5  1-50, 

300-800 46%   

4BONE BCH 60%HAp, 40%TCP Periodontology No initial mechanical 
properties 3-5  <10, 

300-600 70%  5-8 

Mitsubishi 
Materials Biopex 

75%α-TCP, 
18%TTCP, 5%DCPD, 
2%HAp, sodium 
succinate, sodium 
chondroitin sulphate 

Bone void filler in extremities, 
pelvis, and spine 80MPa 4-8 2   

  

OSTEOMED OsteoVation ß–TCP, CaS Filler craniofacial skeleton 50MPa 5 6    6 

Straumann Bone Ceramic 60%HAp, 40%ß–TCP Periodontology    200-800 80%   

Stryker 
BoneSource 

73%TTCP, 
27%DCPD, Na2HPO4/ 
NaH2PO4 solution 

Cranial defects 36MPa after 24 
hours/60-65MPa  10-15 33.4±6.2 45% 

  

HydroSet TTCP, trisodium 
citrate, PVPd 

Bone void filler in extremities, 
pelvis, cranial, and spine 15.9MPa 3.75 4     

Wright 

AlloMatrix DBM (86% by 
volume), CaS, CMCd  

Binder, a bone void filler for the 
skeletal system 

No initial mechanical 
properties <10    

 

yes 

 

12  

 

MIIGf α-CSH, saline Bone void filler in extremities, 
pelvis, and spine 

Low mechanical 
properties 1  20-250    

PRO-DENSE 
75%CaS, 25%CaP 
(brushite & granular ß–
TCP) 

Bone void filler in extremities, 
pelvis, and spine 

40MPa, 3 times greater 
than autograft after 26 
weeks  

3-5 20-30   
 

 

 

3-24 

PRO-STIM CaS, CaP, DBM Bone void filler in extremities, 
pelvis, and spine 

1.4 times greater than 
autograft after 26 
weeks 

    
 

yes 

 

ZIMMER 
BIOMET 

Beta-bsm HAp, carbonated 
apatite 

Bone void filler in extremities, 
pelvis, and spine 28-32MPa 2 3-5     

AccuFill CaP (apatite) Bone void filler for cancellous 
bone 10MPa 15 10 1-300 65%    
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Calcibon 
61%α-TCP, 26%DCP, 
10%CaCO3, 3%HAp, 
NaH2PO4 solution 

Bone void filler in extremities, 
pelvis, and spine 

15MPa after 6 hours, 
45MPa after 3 days 4 5   

  

20% in 12 

Mimix TTCP, α-TCP, 
trisodium citrate Repair of cranial defects 3300 PSI (23MPa) 2-4 3-4     

Radiopaque ability and handling properties are discussed in the next part of this review. 

b Some details like compounds, crystal forms, and proportions were unpublished. The unrevealed parts were presented directly by known materials. The liquid phase or solution was included in 

this part. 

c The ratio of HAp against ß–TCP is 6:4; the ceramic/hydrogel weight ratio was 1:1; the proportion of polysaccharides in the hydrogel was 4%. 

d HPMC (hydroxypropyl methylcellulose), CMC (carboxymethyl cellulose), PVP (polyvinyl pyrrolidone) 

e Different sources gave different results on compressive strength.  

f MIIG® has different product variants. Here, it only shows basic substances and data.
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1.1.2.1 Hydroxyapatite (HAp) 

HAp is a mineral form of calcium apatite with the formula Ca10(PO4)6(OH)2, and is widely 

used in dentistry and orthopedics. As a naturally occurring mineral component of bone and 

teeth, HAp exhibits a remarkable affinity for biological systems, positioning it as a prime 

material for promoting successful bone healing and regeneration. HAp mimics the mineral 

composition of native bone, allowing for seamless integration with surrounding tissues. As a 

result, it can serve as a biocompatible scaffold. There is a long history of using HAp as a bone 

filler in orthopedics (24).  

The application of HAp ranges from bone grafts and implant coatings to three-dimensional 

scaffolds. These scaffolds provide a supportive environment for cells to colonize and remodel, 

guiding the formation of new tissue. Moreover, HAp's ability to act as a carrier for bioactive 

factors and drugs enables controlled release, influencing cell behavior and tissue regeneration 

dynamics (25). As a drug carrier, HAp, especially nano-HAp, is commonly used for bone-

related therapies and is loaded with drugs such as growth factors, antibiotics, or anti-

inflammatory agents (26). Because of its excellent biocompatibility and comprehensive 

research, HAp can also be used as a drug carrier in cancer treatments (27). HAp is also often 

used as a coating layer to enhance the implant's ability to bond with the host bone 

(osseointegration) (28). HAp can improve the effects of bone repair and reduce long-term 

inflammation compared with metallic implants. There are many methods to coat HAp, such as 

plasma spray coating, electrochemical deposition, electrophoretic deposition, physical vapor 

deposition, sol-gel method, and so on (29–31). Each method has advantages and limitations, 

and researchers often select the most appropriate technique based on the desired outcome and 

the characteristics of the coated material. 

1.1.2.2 β-tricalcium phosphate 

β-TCP is also a bioceramic material widely recognized for its significance in bone tissue 

engineering and regenerative medicine. As a classic bone graft material, it serves as a scaffold 

to support the growth of new bone tissue (32). One of the features of β-TCP is its controlled 

biodegradability. Over time, β-TCP undergoes gradual degradation, providing temporary 

mechanical support as new bone tissue forms. The calcium and phosphate ions released during 

degradation can benefit local bone mineralization and support natural healing. Compared with 

HAp, β-TCP has a more open crystal structure and is less dense than hydroxyapatite (Table 2). 

It crystallizes in a monoclinic or rhombohedral structure. Because of the faster degradation 
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process, β-TCP is particularly useful when rapid bone healing and regeneration are desired. β-

TCP is generally less mechanically stable and more brittle than HAp. These mechanical 

differences also make the application of β-TCP different from HAp (33). 

Table 2 List of commercially used CaP and CaS with their properties 

Name Formula Ca/P 

ratio 

Crystallography Symbol 

Tetracalcium phosphate monoxide Ca4(PO4)2O 2 Monoclinic TTCP 

Hydroxyapatite Ca10(PO4)6(OH)2 1.67 Hexagonal HAp 

α-Tricalcium phosphate α-Ca3(PO4)2 1.5 Monoclinic α-TCP 

β-Tricalcium phosphate β-Ca3(PO4)2 1.5 Rhombohedral β-TCP 

Dicalcium phosphate CaHPO4 1 Triclinic DCP 

Dicalcium phosphate dihydrate CaHPO4·2H2O 1 Monoclinic DCPD 

Monocalcium phosphate monohydrate Ca(H2PO4)2·H2O 0.5 Triclinic MCPM 

α-Calcium sulphate hemihydrate α-CaSO4·0.5H2O - a α-CSH 

β-Calcium sulphate hemihydrate β-CaSO4·0.5H2O - a β-CSH 

Calcium sulphate dihydrate CaSO4·2H2O - Monoclinic CSD 

a The crystal forms of α-CSH and β-CSH are controversial (58). 

Additionally, β-TCP is a valuable component in composite biomaterials, combining its 

properties with other materials like polymers or growth factors to enhance their effectiveness 

(34,35). β-TCP particles or fibers can act as reinforcing agents within the polymer matrix, 

improving the composite's mechanical properties. There are many methods to process β-TCP, 

such as polyurethane-foam replica, sol-gel, 3D printing, gelatin-freeze casting, and so on (36). 

The potential of β-TCP combined with other engineering strategies benefits the development 

of bone tissue engineering. 

1.1.2.3 Amorphous calcium phosphate 

Amorphous calcium phosphate (ACP) is a biomaterial with significant promise in various 

fields, notably dentistry, bone tissue engineering, and drug delivery. Unlike its crystalline 

counterparts, ACP lacks a well-defined atomic arrangement in a disordered and non-crystalline 

state (37). It plays a role as a precursor phase of synthetic hydroxy-carbonate apatite, which is 

a critical component of bone and dentin mineralization. In natural bone formation, ACP forms 

as an intermediary precursor phase that eventually transforms into crystalline hydroxyapatite, 

contributing to the strengthening of bone tissue (38). Also, ACP is more soluble than crystalline 

CaPs, giving the microenvironment a higher concentration of calcium and phosphate ions. ACP 

is also more active than crystalline forms. This reactivity makes it an ideal material for drug 

delivery systems (39). Various forms of ACP exhibit thermal instability, rendering them unable 
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to withstand calcination or sintering processes. Upon heating, precipitated ACPs primarily 

undergo a water loss, encompassing two distinct phases: the release of loosely bound water 

molecules adhering to the surface of ACP agglomerates and the removal of more tightly bound 

internal water molecules. The former is reversible, while the latter is typically irreversible 

(40,41). ACP is easy to convert into crystalline apatite, especially in aqueous media. During 

such conditions, pH, temperature, and the presence of foreign ions all play important roles. 

Stabilization of ACP becomes essential at acidic conditions, where the amorphous phase is 

unstable, and other phases like OCP (octacalcium phosphate) or brushite may form (42). 

Furthermore, it has been shown that a sufficient quantity of Mg2+, F-, carbonate, pyrophosphate, 

diphosphonates, or polyphosphorylated metabolites or nucleotides will prevent the 

transformation of synthetic ACP to HAp (43–45). Adding Si or Zr elements during the low-

temperature synthesis of the ACP can increase the remineralizing potential of the final 

biomaterial. By delaying the ACP to HAp conversion, Si- and Zr-ACPs prolonged the time that 

mineral ions were released (46). As mentioned, high-energy coatings like plasma-sprayed HAp 

coatings are well-established in the industry. These coatings primarily consist of HAp, but ACP 

phases may also be present, significantly affecting their mechanical properties, including 

adhesion to metals and biological performance (47). 

ACP has been applied as a solid phase for CaP cements and coatings and in composite 

development for biomaterial applications (48). Due to the instability of ACP, maintaining its 

structure during its production has become a key area of research. Studies have shown that 

ACP has been evidenced to have better in vivo osteoconductivity than hydroxyapatite and better 

biodegradability than beta-tricalcium phosphate (40). ACP is also presented as ACP-filled 

polymeric composites in hard tissue engineering (49,50). Among these, poly(d,l-lactic acid) is 

often used. The ACP/poly(d,l-lactic acid) composites usually show fast mineralization and 

good cytocompatibility (48,49). Liao et al. applied ACP in tendon-bone regeneration with 

adenosine triphosphate, which enhanced osteogenesis and angiogenesis results both in vitro 

and in vivo (51). Because of their excellent biocompatibility and mechanical properties, ACP 

has become increasingly significant in orthopedics and dentistry. 

1.1.2.4 Cold sintering of bioceramics 

Sintering is a process of bonding, densification, and recrystallization of powder compacts. 

Traditionally, solid state, liquid phase, and pressure-assisted sintering are used to process 

ceramics at high temperatures, usually over 1000 degrees Celsius (52). Sintering involves 
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enduring chemical and physical transformations that decrease porosity through grain growth 

and bonding. Larger grains grow at the expense of smaller ones, increasing the average size 

while reducing the number of grains. This can lead to undesirable effects like grain growth, 

phase transformation, and increased energy consumption. 

Cold sintering is an innovative materials processing technique that consolidates ceramic 

materials at significantly lower temperatures (room temperature or often below 300 degrees 

Celsius) than traditional sintering methods (52,53). Cold sintering offers a more energy-

efficient and controlled alternative. Many advanced ceramics and composite materials are 

sensitive to high temperatures, which can lead to phase changes or chemical reactions. Cold 

sintering enables the fabrication of such materials without compromising their properties. Cold 

sintering also allows for rapid ceramics manufacturing, reducing lead times in temperature-

changing processes and enabling quicker iterations in development and engineering 

applications. Besides these, cold sintering technology provides a platform for researchers to 

explore new material compositions and properties, benefiting the development of advanced 

materials (53). Because of these features, many materials, not only biomaterials but also 

electrical conductors, have been manufactured by cold sintering. For example, NaCl 

microwave dielectric ceramics were successfully fabricated by cold sintering (54). Cold 

sintering was also applied to densify the ceramics. Guo et al. developed a one-step low-

temperature reactive cold-sintering approach to synthesize and densify BaTiO3 ceramics with 

nanograins. They found that densification was achieved through pressure-induced particle 

rearrangement, deposition of the reaction product at grain boundaries, and grain coarsening 

(55). 

A standardized protocol for the cold sintering process, particularly regarding temperature and 

pressure application, has yet to be established (53). Previous approaches involve mixing a 

solvent with ceramic powder to ensure good contact. The resulting ceramic paste is placed in 

a steel die, typically cylindrical, and compressed using hydraulic or mechanical force. A 

heating system, like a jacket or hot plate, can control the temperature if the room temperature 

is not favored (Figure 2). 
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Figure 2 Scheme of the cold sintering route (53) 

One of the most prominent features of cold sintering is that it can maintain the original 

amorphous state of ceramic materials. Due to the unique properties of ACP, cold sintering can 

benefit the processes of manufacturing ACP (56). Studies have shown that ACP maintains the 

same amorphous phases under different pressures after the room temperature cold sintering 

process (57). Cold sintering has also been applied to some amorphous ceramic-based materials. 

In dielectric ceramics, the complex microstructure of the grain boundary and limited grain 

growth obtained from cold sintering can change the electrical properties of materials. 

Optimizing the cold sintering process for various applications in ceramics, composites, and 

advanced materials can significantly benefit the development of application materials and 

engineering. 

1.1.3 Materials characterization 

Material characterization is crucial in biomaterial research as it provides detailed insights into 

materials' structural, chemical, and physical properties, ensuring their suitability for specific 

biomedical applications. Accurate characterization enables researchers to understand how 

biomaterials interact with biological systems, influencing biological performance.  

1.1.3.1 X-ray diffraction analysis (XRD) 

XRD is an analytical technique used in materials science, engineering, and other fields to 

determine crystalline substances' atomic and molecular structure. It relies on the principle of 

X-ray diffraction, which occurs when X-rays strike a crystalline material and are scattered at 

specific angles due to the regular arrangement of atoms within the crystal lattice (59). By 

measuring the angles and intensities of these scattered X-rays, XRD provides valuable 

information about the crystal structure, including lattice parameters, unit cell dimensions, and 
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the identification of crystalline phases. The XRD results are presented by feature peaks. These 

peaks represent the diffraction of X-rays by crystal planes within the material. Each peak's 

position (2θ angle) is characteristic of the spacing between these crystal planes. Because of the 

amorphous characteristics of ACP, sharp and well-defined peaks in the XRD patterns should 

not be observed in such amorphous materials (44). 

1.1.3.2 Scanning electron microscope (SEM) 

In SEM, a beam of high-energy electrons is focused onto the sample's surface using 

electromagnetic lenses, interacting with the atoms in the sample (60). SEM is used to study 

biomaterials' surface features and topography, including the texture and roughness of implants, 

scaffolds, and tissue engineering constructs. SEM helps researchers examine the microstructure 

of biomaterials, such as the arrangement of fibers in polymers or the porosity of ceramics (61). 

This information is crucial for assessing the materials' biocompatibility and interaction with 

biological tissues, and also benefits in optimizing material properties in medical devices and 

implants. SEM analysis can also investigate how cells interact with the material's surface, 

which is linked with cell-material interaction (2.2) (62). SEM aids in designing materials that 

promote cell adhesion, proliferation, and differentiation. SEM can not only be applied to 

materials but also to cells. With the surface morphology and topography information, we can 

evaluate the adhesion and cell-material interaction (63). 

1.1.3.3 Porosity of biomaterials 

Porosity is a critical parameter in biomaterials, specifically for implantable biomedical 

materials, and it plays a crucial role in the design, performance, and functionality of 

biomaterials across various biomedical applications. Traditionally, the pore scale is defined as 

macroporous if it exceeds 50 nm, mesoporous between 2 and 50 nm, and microporous when 

less than 2 nm (64). Porosity allows cells to infiltrate and populate the biomaterial, promoting 

tissue regeneration and integration with host tissues. Cells can migrate into the pores, deposit 

extracellular matrix (ECM), and establish connections with surrounding tissues, facilitating 

tissue repair and growth (65). Besides cell migration, pores can also provide nutrient and 

oxygen transport channels. At the same time, the waste products produced by cells can also be 

transported out by pores. Nowadays, scaffold design values the importance of porosity, 

especially for bone tissue engineering, to achieve better osteogenesis results (66). 
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1.2 Cell-material interaction 

The field of biomaterials has undergone a transformative evolution, propelled by a deep 

understanding of the intricate interplay between living cells and engineered materials. Cell-

material interaction is a dynamic and multifaceted dialogue with immense significance in 

diverse disciplines, ranging from regenerative medicine and tissue engineering to medical 

device development and drug delivery systems (67). These interactions are pivotal 

determinants of the success or failure of biomaterial implants, scaffolds, and devices when 

introduced into the body. From the moment a biomaterial comes into contact with living tissues, 

a cascade of events is set in motion that influences cell behavior, tissue regeneration, 

inflammation, and overall biological response (68). Conversely, biomaterial surface 

characteristics, such as roughness, topography, chemistry, and charge, significantly influence 

cell behaviors (69).  

1.2.1 Material characteristics 

Surface roughness at the nanoscale and microscale levels can significantly impact cell adhesion, 

migration, proliferation, and differentiation (67,70). Cells exhibit distinct preferences for 

different roughness profiles; some may thrive on smoother surfaces, while others may respond 

favorably to rougher textures. Different roughness can also change the immune states, either 

pro-inflammation or anti-inflammation (69,71).  

Topography, which refers to the three-dimensional features of a surface, guides cell behavior 

by influencing cell attachment and spreading. Nanostructured or microstructured topographies 

can guide cell alignment, enhance extracellular matrix production, and even modulate gene 

expression, offering tailored control over tissue regeneration (67). Many studies create different 

patterns to modulate the immune response, predominantly neutrophils and macrophages, by 

material surfaces (69,72,73). Changes in different dimensions will subject cells to different 

forces. The resulting cytoskeleton and cell membrane stress stimulation changes will further 

affect cell functions. 

Porosity plays a significant role in influencing cell-material interactions in tissue engineering 

and biomaterial applications. Porous biomaterials typically have a larger surface area than non-

porous materials with the same volume. This increased surface area provides more sites for cell 

adhesion. The interconnectivity of pores can also support cell migration and nutrient delivery. 

A polypore structure also benefits angiogenesis, accelerating the formation of blood vessels. 
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The minimum requirement for pore size is approximately 100 micrometers due to cell size, 

migration requirements, and transport. However, pore sizes greater than 300 micrometers are 

recommended due to enhanced new bone formation and the formation of capillaries (66). 

In cell-material interaction, protein adsorption and cell attachment are often studied to 

determine the fate of biomaterials within biological systems. Protein adsorption involves the 

spontaneous binding of proteins from surrounding body fluids onto the surface of a biomaterial. 

This knowledge has led to a better understanding of the regenerative capabilities of 

biomaterials, aiding their design with improved functionalities (74). CaPs, such as octacalcium 

phosphate and amorphous calcium phosphate, have shown excellent protein adoption ability 

(75,76). Such characteristics can directly influence the cellular behaviors that occur at the 

interface. 

1.2.2 Cellular behaviors 

Cell-material interaction studies comprehensively assess various cellular behaviors to 

understand how biomaterials influence cell responses. Usually, cell behaviors evaluated in 

these studies include cell adhesion, reflecting the initial binding of cells to the material surface 

(77); cell spreading, indicating cell interaction and extension on the substrate; cell proliferation, 

tracking cell growth and division over time (78); cell migration and cell differentiation (79); 

ECM deposition, examining the production and arrangement of surrounding matrix 

components (78); cell signaling, cytokine, and growth factor secretion, investigating how 

materials impact intracellular pathways and gene expression and the release of signaling 

molecules (80); immune responses, studying interactions with immune cells and inflammatory 

reactions. These assessments reveal how materials influence cellular behavior, vital for 

enhancing biomaterials in tissue engineering and regenerative medicine.  

In CaPs for complex tissue engineering, besides the regular proliferation assessment, the 

evaluation of osteoinduction, osteoconduction, and osseointegration is vital for developing 

hard tissues like bone or dentin (81). Osteoinduction triggers osteogenesis and recruits 

immature cells to become preosteoblasts, crucial in bone healing. Osteoconduction involves 

bone growth on a surface, often seen in implants. Osseointegration is a stable implant 

anchorage through direct bone-to-implant contact, particularly successful in craniofacial 

implantology. Its significance in primary arthroplasties remains debated, as bone ingrowth in 

porous-coated prostheses may or may not constitute osseointegration (15,81). Meeting more 

performance requirements is what advanced bone repair materials need to have. 



35 
 

Many studies on biomaterials in regenerative medicine and tissue engineering have 

traditionally focused on protein activity and gene expression. This focus is often driven by the 

need to understand the molecular and cellular processes underlying tissue regeneration and the 

interaction between biomaterials and cells. However, there is a growing interest in 

incorporating metabolomics and considering the role of metabolites and metabolism in 

biomaterial-related research. While protein activity and gene expression are crucial aspects of 

cell behavior and tissue regeneration, metabolomics provides a more comprehensive view of 

cellular processes (82). Metabolites represent the end products of gene expression and 

enzymatic activity, reflecting the actual metabolic state of cells. Studying metabolites can offer 

insights into how biomaterials affect cellular metabolism, energy production, and biochemical 

pathways, which will be discussed in Section 2.4. Metabolomics can reveal changes in 

metabolic pathways that are affected by the presence of biomaterials. This information can help 

identify metabolic signatures associated with successful tissue regeneration and the potential 

impact of biomaterials on those pathways (83). While biomaterial research has traditionally 

focused on gene expression and protein activity, there is a growing interest in integrating 

metabolomics to gain a more holistic understanding of how biomaterials impact cellular 

metabolism and tissue regeneration. This multidisciplinary approach can enhance our ability 

to design biomaterials for regenerative medicine applications and improve patient outcomes. 

1.3 Bone regeneration 

Bone has impressive natural regenerative abilities. It allows scarless healing and restores 

mechanical function, even in challenging scenarios like advanced age and metabolic or 

immunological degenerative diseases (84). Nevertheless, many bone injuries still result in 

unsatisfactory healing outcomes. Bone undergoes continuous renewal, with approximately 

one-fifth of the skeleton undergoing remodeling annually. This dynamic process, termed bone 

remodeling, requires precise coordination between bone formation and resorption, orchestrated 

by various cell types within the bone multicellular unit and tightly regulated signaling pathways 

to maintain bone balance (10,85). Fracture healing involves communication among diverse cell 

types, such as endothelial cells, nerve cells, osteoblasts, osteoclasts, and osteoprogenitor cells, 

via the release of soluble factors (Figure 3). Figure 3 presents the progress of bone repair (85). 

Metabolic phases (blue bars) in fracture healing coincide with biological stages (brown bars), 

consisting of anabolic and catabolic phases within three critical biological stages: inflammation, 

endochondral bone formation, and coupled remodeling. The chart highlights key cell types and 
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their durations in each stage, aligned with the timeline for mouse femur fracture healing using 

an intramedullary rod. 

 

Figure 3 Femur fracture repair (85). (Reprint promised) 

1.3.1 Osteoblasts 

Osteoblasts are specialized cells responsible for bone formation and mineralization in the 

human body. They are one of the key cell types involved in the dynamic process of bone 

remodeling, which is essential for maintaining the strength and integrity of the skeletal system 

(10). Osteoblasts are derived from mesenchymal stem cells (MSCs), which are multipotent 

cells capable of differentiating into various cell types, including osteoblasts. These MSCs are 

found in the bone marrow and periosteum (the membrane covering bones) (Figure 4). The 

differentiation of MSCs into osteoblasts is regulated by various signaling pathways and factors, 

including bone morphogenetic proteins (BMPs), Wnt signaling, and runt-related transcription 

factor 2 (Runx2) (86). That differentiation can be triggered by various factors (87).  
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Figure 4 The functions of bone cells (82) 

Osteoblasts generate the organic bone matrix called osteoid, which is later mineralized in a 

poorly understood process. Upon completing their biosynthetic role, osteoblasts transform into 

osteocytes, remaining dormant within the ECM. Osteoblasts respond to various hormones and 

growth factors, including parathyroid hormone, calcitonin, vitamin D, and bone morphogenetic 

proteins. These factors influence osteoblast activity and bone remodeling (88). Because 

osteoblasts initiate the mineralization of the bone matrix by depositing hydroxyapatite crystals, 

researchers usually study the mineralization process to ensure the development of a mineralized 

bone-like tissue. Gene expression and protein activity are typically combined to evaluate the 

osteogenesis level. The often-used ones are osteocalcin, Runx2, and ALP (alkaline 

phosphatase). For example, Shuai et al. considered ALP, type I collagen (COL-1), osteocalcin 

(OCN), and Runx2 gene expression to characterize their manufactured magnetically actuated 

bone scaffold. Those factors that can trigger MSC differentiation are also detected in the 

biomaterials. Zheng et al. developed ruthenium (II) functional selenium nanoparticles for 

osteogenic transcription and attenuating adipogenic transcription. They successfully 

differentiated MSCs into osteoblasts and verified this by flow cytometry. After 14 days of 

incubation, the Alizarin Red staining indicated stronger osteogenesis from this nanoparticle 

(89). The differentiation into osteoblasts is also a core research spot in microchip developments. 

Altmann et al. demonstrated that a 3D microenvironment created with a fibronectin-coated 

PMMA/PC-based microchip enhances the differentiation of primary human osteoblasts. This 

is evident through the formation of densely packed 3D bone cell clusters and the expression of 

biomarkers signifying osteoblast differentiation (90). They detected higher gene expression 

of OCN, osteonectin, and ALP. The function of osteoblasts can also be influenced by 
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immune cells such as macrophages, and this feature is also utilized in the bone tissue 

engineering field (91). As osteoblasts play a significant role in producing bone matrix, 

characterizing osteoblasts is very common and essential in evaluating biomaterials for bone 

regeneration.  

1.3.2 Osteocytes 

Osteocytes are the most abundant and long-lived cells within bone tissue and are essential for 

bone health. Osteocytes are embedded within the mineralized bone matrix and are found in 

small, fluid-filled cavities called lacunae. These cavities are interconnected by tiny canaliculi 

(Figure 1).  

Osteocytes communicate with each other and with other bone cells, such as osteoblasts and 

osteoclasts. Osteocytes are mechanosensor cells that control the activity of osteoblasts and 

osteoclasts within a basic multicellular unit. This kind of communication is crucial in 

coordinating bone remodeling and repair. Besides the connection with other bone cells, 

osteocytes can also release calcium into the bloodstream when needed to maintain calcium 

homeostasis in the body (92). Under the fluid stimuli, Mastuzaka et al. developed a system that 

can manipulate osteoblast arrangement by osteocyte mechanoresponse (93). Bernhardt et al. 

conducted a triple culture of primary human osteoblasts, osteoclasts, and osteocytes to study 

the interaction between each bone cell. They further evaluated the markers and morphology. 

OCN level was hugely increased in this triculture model (94). 

Like osteoblasts, osteocytes are widely used in biomaterials characterization and cell-

biomaterial interaction, especially for hard tissue engineering. Osteocytes in peri-implant bone 

physically communicate with implant surfaces through canaliculi and respond to mechanical 

loading, influencing osteocyte numbers and morphology. Specific implant design features help 

maintain a more youthful osteocyte phenotype, even as the extracellular matrix matures (95). 

Daily activities transmit whole-body mechanics to the organ, tissue, and cellular levels, which 

is also highly relevant to the skeletal system. In bone tissue, osteocytes are essential 

mechanosensitive cells (96). Evidence of their function comes from studies showing that mice 

with osteocyte ablation fail to respond to unloading-induced bone loss (97). Osteocytes within 

the mineralized extracellular matrix experience multiple biophysical stimuli, including strain, 

stress, shear, osmotic pressure, fluid flow, streaming potentials, and acceleration. Among these, 

fluid flow-induced shear stress is the primary force stimulating osteocytes (98). During various 
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illnesses, osteocytes can also be influenced. Altered mechanical stimulation of osteocytes in 

osteoporosis results from changes in the extracellular environment, including modified 

mineralization and lacunar-canalicular architecture (99). Because of this mechanical sensitivity, 

osteocytes were also widely applied in studies that utilized bioreactors. Studies have shown 

that hydrostatic pressure could stimulate osteocytes and further enhance the differentiation of 

the murine macrophage cell line into osteoclast-like cells (100). They revealed that the 

arrangement worked through soluble molecular interactions, with prostaglandin E2 identified 

as a novel determinant for oriented collagen/apatite organization of bone matrix. 

As our understanding of the role of osteocytes in bone health deepens, their inclusion in 

biomaterial design and tissue engineering strategies is likely to become increasingly important 

for developing effective and long-lasting solutions for bone-related conditions and injuries. 

1.3.3 Osteoclasts 

Osteoclasts are specialized cells responsible for bone resorption, a crucial bone remodeling and 

maintenance process. Bone remodeling is a natural outcome of ongoing cellular processes that 

enhance survival. It involves essential tasks for renewing bone structural units by basic 

multicellular units (101). Osteoclasts play a central role in breaking down bone tissue, allowing 

for the removal of old or damaged bone and the subsequent formation of new bone (102). 

Osteoclasts originate from hematopoietic stem cells primarily found in the bone marrow 

(Figure 3). These stem cells give rise to myeloid lineage cells, including monocytes and 

macrophages (82). Osteoclasts specialize in breaking down the mineralized and organic 

components of bone tissue. They release enzymes and acids that dissolve the hydroxyapatite 

(mineral) and degrade the organic matrix, primarily composed of collagen fibers. This 

remodeling activity is tightly regulated by various factors, such as cytokines and hormones 

(101). Beyond their role as "bone eaters," osteoclasts significantly contribute to bone 

remodeling, angiogenesis, osteoimmunology, and the establishment of hematopoietic niches. 

Osteoporosis occurs when there is an imbalance between bone resorption (the removal of old 

or damaged bone) and bone formation. Osteoclasts are the primary cells responsible for bone 

resorption, and their overactivity or increased lifespan can contribute to osteoporosis's loss of 

bone density (102). The over-resorption of bone tissue has become a severe medical problem. 

Various factors, such as hormones and age, can influence the bone resorption of osteoclasts 

(103). Osteoporosis treatment strategies often focus on reducing osteoclastic activity, 

stimulating osteoblastic activity, or both. Recently, a new bone cell type originating from 
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osteoclasts was found. Researchers revealed that RANKL (receptor activator of nuclear factor 

kappa beta) stimulated osteoclasts possess an alternative cell fate involving fission into 

daughter cells known as osteomorphs. Inhibition of RANKL hindered this cellular recycling, 

leading to osteomorph accumulation. Single-cell RNA sequencing demonstrated that 

osteomorphs exhibit distinctive gene expression profiles, differing from osteoclasts and 

macrophages. When deleted in mice, they express several non-canonical osteoclast genes 

associated with structural and functional bone phenotypes (104). Understanding the role of 

osteoclasts in all kinds of biological progress is essential for developing effective therapies. 

In tissue engineering, in vitro assays can be used to assess the ability of osteoclasts to resorb 

bone or biomaterials. These assays involve culturing osteoclasts on bone slices or synthetic 

materials and measuring the extent of resorption (105). Furthermore, osteoclasts and 

osteoblasts can be co-cultured for deeper evaluation. Kowal et al. synthesized new bioactive 

glass scaffolds with exceptional qualities; they applied osteoblasts and per-osteoclasts co-

culture and evaluated the osteogenesis from the per-osteoblasts and immunofluorescence 

images from the osteoclasts (106).  

1.3.4 Bone healing process 

Bone formation occurs through two distinct processes: intramembranous ossification and 

endochondral ossification. In intramembranous ossification, osteoblasts directly differentiate 

within mesenchymal tissue, forming flat bones like the skull, mandible, maxilla, clavicles, and 

patella (84). In endochondral ossification, bone forms indirectly, with an initial cartilaginous 

template remodeled into bone, creating long bones like the femur, tibia, and humerus. Because 

the patient's recovery process is complicated, developing biomaterials for hard tissue 

engineering is primarily focused on the endochondral route of bone healing (10). 

Inflammation is one of the significant issues that troubles both patients and researchers. Both 

the short-term and long-term inflammation would result in pain. At the same time, it serves as 

the body's initial response to injury and plays several crucial roles in the early stages of bone 

healing. One phase of the inflammation is involved in hemostasis, including the formation of 

blood clots to stop bleeding. Platelets and coagulation factors are activated to create a 

temporary seal at the fracture site, preventing excessive blood loss (107). Furthermore, the 

injury caused by a fracture exposes the body to potential pathogens, and there is a risk of 

infection. Inflammation initiates an immune response, recruiting white blood cells, particularly 

neutrophils and macrophages, to the injury site (71). These immune cells help remove any 
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foreign materials, bacteria, or debris that may have entered the wound, reducing the risk of 

infection (108). These removal stages remove the broken tissues, foreign materials, and 

bacteria (109). The regulation of inflammation is also a significant issue for implant design. 

Aging also influences the progress of bone healing. In elderly murine models, periosteal MSCs 

exhibited diminished chondrogenic potential and reduced cartilage matrix deposition during 

initial fracture healing stages. This delays the eventual conversion of cartilage to bone at the 

fracture site (110).  

The role of implanted bioceramics in bone tissue regeneration is to serve as scaffolds that 

provide structural support and promote the healing process. They mimic the properties of 

natural bone, such as biocompatibility and osteoconductivity, allowing them to integrate with 

host tissue (10). Bioceramics facilitate cell attachment, proliferation, and differentiation while 

enabling the formation of new bone tissue. Over time, the bioceramic scaffold is gradually 

resorbed and replaced by newly formed bone, restoring bone structure and function. 

1.4 Metabolomics 

Metabolomics is a rapidly evolving field of scientific research focusing on the comprehensive 

study of small molecules, known as metabolites, within cells, tissues, and biological fluids. 

These metabolites are the end products of cellular processes, reflecting the dynamic interplay 

of genes, proteins, and environmental factors. It seeks to analyze and quantify the diverse 

metabolites in a biological system to gain insights into the metabolic processes that govern 

cellular functions (111). By providing a holistic snapshot of an organism's metabolic state, 

metabolomics holds immense potential in various fields, including medicine, nutrition, 

environmental science, and drug discovery. In recent years, metabolomics has gained 

increasing interest in all biomedical fields, including tissue-related research, enhancing our 

comprehension of cellular processes in health and disease (82). The development of 

metabolomics as a discipline has been driven by advancements in analytical technologies and 

data science and a growing recognition of its potential applications in academic research. 

There are two leading platforms of metabolomics analysis: mass spectrometry (MS) and 

nuclear magnetic resonance (NMR) spectroscopy. Of these, the joint separation techniques in 

MS technology are liquid chromatography (LC) and gas chromatography (GC) columns (112). 

Metabolite detection employs specific techniques, followed by raw signal pre-processing for 

data formatting (data pre-processing). Normalization reduces bias. Spectral data identifies 

metabolites (data processing). Univariate and multivariate stats pinpoint significant ones 
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(statistical analysis). Enrichment and pathway analysis provide biological context (functional 

analysis). Integrating metabolomics with other omics data, such as gene expression and protein 

activity, enhances understanding of pathophysiological processes (Omics data integration). 

The workflow is concluded in Figure 5 (111). 

 

Figure 5 Typical workflow of metabolomics analysis. 

As a complex bioinformatic subject, the analysis takes a significant part of the metabolomics 

study. The analysis is usually divided into statistical analysis and pathway analysis.  

Based on the context, different data mining and statistical approaches are used in metabolomics 

research. Methods like fold change analysis, t-tests, and volcano plots are applied to two-group 
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data. For multi-group data, one-way variance analysis of variance (ANOVA) and related post 

hoc and correlation analyses are commonly used. For multivariate analysis, in addition to 

cluster analysis similar to classic principal component analysis (PCA), more and more studies 

have brought machine learning, such as random forest, into metabolomics research (113,114). 

PCA and random forest can also assess the clustering or scattering of quality control samples 

to identify any variability, which may indicate issues with assay quality. A Spanish group used 

metabolomics and other experimental approaches to understand the biochemical alterations 

induced by free and polymer-conjugated chemotherapeutic agents (115). The PCA plots from 

two types of drugs presented different profiles, with 35 other intracellular metabolites (115). 

Another study also demonstrated PCA in 3 dimensions to compare multiple groups of titanium 

nanotopographies in the skeletal stem cell physiology (116).  

Screened metabolites are connected to their biological context through pathway and enrichment 

analysis. Pathway analysis in metabolomics is crucial in understanding the complex network 

of metabolic processes within a biological system. It involves identifying and interpreting the 

biological pathways and molecular interactions that underlie the observed changes in 

metabolite concentrations (111). This function analysis helps researchers extract meaningful 

insights from large metabolomics datasets and can be particularly useful in identifying potential 

biomarkers, understanding disease mechanisms, and gaining a deeper understanding of cellular 

metabolism. Mei et al. applied enrichment pathway analysis to prove the function of their 

antibacterial materials. The results showed a significant downregulation of the TCA cycle (117). 

The combination of statistical and pathway analysis can present a comprehensive view of 

biological progress in various research fields. 

1.4.1 Metabolomics in bone research 

Metabolomics offers a comprehensive and unbiased approach to studying the intricate 

metabolic processes that underlie bone development, maintenance, and pathology. 

Metabolomics can provide valuable insights into the metabolic markers associated with healthy 

bone development and maintenance. Blood plasma or serum hosts various macromolecules that 

can coincide with peaks from small molecule metabolites, particularly in specific physiological 

or pathological conditions. The significant metabolites in blood plasma or serum garner 

growing interest for their potential in diagnosing human diseases (118). Bellissimo et al. 

applied metabolomics to determine plasma metabolic pathways and targeted metabolites 

related to bone resorption and formation markers in adults. They found that some 
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macronutrient-related pathways were highly associated with bone turnover markers, 

procollagen type I N-terminal propeptide, and C-terminal telopeptides of type I collagen (119). 

Awareness of metabolic changes in the patient can lead to early diagnosis of bone-related 

diseases, especially osteoporosis and bone injuries (120–122). Metabolomics can also 

accommodate a design of appropriate drugs to control the progression of the disease by 

following the decrease or increase of an effective biomarker in a disease (123).  

Metabolomics has also been successfully used to study disease-induced metabolic changes and 

identify potential biomarkers in vitro and in vivo. Additionally, as demonstrated by multiple 

animal model studies, metabolomics is a valuable tool to predict the therapeutic effect of a 

bone protective agent on the recovery of bone diseases or its side effects on the normal function 

of bone. So far, several drugs have been designed to improve bone function, but their 

effectiveness can be challenged in further metabolomics studies (124). Furthermore, future 

metabolomics studies could help pinpoint the molecular targets for a therapeutic strategy.  

1.4.2 Metabolomics in biomaterials research 

Using metabolomics to explore biomaterials for the biomedical field is a novel and fascinating 

area of research. Trials had been made with MSCs on dynamic surfaces by Roberts et al. The 

difference in carbohydrate metabolism stood out, with detailed records of MSC growth and 

targeted differentiation footprints (125). Such fundamental studies can provide clues for further 

understanding cell-material interaction. 

Existing literature demonstrates that biomaterial cues, including ions, oxygen, and regulatory 

metabolites, influence cell metabolism, potentially altering metabolic pathways and 

regeneration outcomes. Zhu et al. conducted metabolomics and lipidomics with their PLGA-

based biomaterials. The omics result showed that the material effectively regulated multiple 

metabolites and more than 20 excessive metabolic pathways in osteonecrosis (126). Chen et al. 

applied metabolomics analysis for medium supernatant in functional ductal organoids at 

different time points (127). Their results showed that the metabolic influence caused by 

organoids was strong at the beginning (day 1) and decreased through time. Different analysis 

methods from metabolomics were also used differently among the biomaterials research fields. 

Li et al. developed an antitumor platform based on graphene-family nanomaterials, and the 

metabolomics characterization they conducted was shown by correlation pattern search. This 

analysis concluded that glycine/serine/threonine metabolism was upregulated, and 

alanine/aspartate/glutamate metabolism was downregulated by blood-treated graphene (128).  
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Combining the bio information from bone research and integrating metabolomics with 

osteogenesis confirmation assays, such as polymerase chain reaction, immunohistochemistry, 

and bone matrix mineralization, could provide a robust approach for guiding and assessing 

engineered biomaterials with desired properties (82). In recent years, researchers have noticed 

the potential of metabolomics to be applied in materials science. An increasing number of 

interdisciplinary studies are being published. Research in this area can provide a deeper 

understanding of the various principles of cells after encountering biological materials. In turn, 

metabolomics can guide researchers in the design of advanced functional materials.  

2 Materials and Methods 

2.1 Serum analysis of the animal model 

2.1.1 Ethical aspects of the rat experiment 

The Latvian Institute of Organic Synthesis animal facility corresponds to EU animal care 

regulations, and all manipulations were performed by FELASA C-certified personnel. The 

proposed animal experiments were designed following 3R principles and approved by the Food 

and Veterinary Service of the Republic of Latvia (ethics permit No. 123/2021). 

2.1.2 Rat calvaria critical size defect model 

In the in vivo assessment of the metabolic changes during bone healing, we employed a well-

established critical-size calvaria defect model in rats (see Figure 6), renowned for its 

reproducibility and reliability in biomaterial evaluation. This model obviates the need for 

mechanical fixation and stimulation, allowing a direct assessment of biomaterial effectiveness. 

Calvarial defects, each 8 mm in diameter, were generated through trepanation of the calvarium 

in male Wistar rats aged 8-12 weeks, constituting a critical-size defect. 

In one group (n=6), the defect site was left untreated, denoted as the "wo" group (without 

treatment). In the second group (n=5), the excised calvaria were divided into four segments 

and repositioned in the defect site to facilitate further recovery, referred to as the "w" group 

(with treatment). Blood samples were collected before and after surgery on days 1 and 3.  
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Figure 6 Illustration of the rat calvaria defect model and the blood sample collection. 

2.1.3 Ethical aspects of sheep experiment 

The ethics committee approved the experiment: Canton of Grisons, Switzerland. Ethics 

committee approval number: TVB2020/26.   

2.1.4 Tibia critical size defect model on sheep 

12 healthy female Swiss White Alpine Sheep within the age range of 2–5 years and bodyweight 

range of 60–79 kg were subjected to radiological and clinical assessments before enrollment. 

Acclimatization to post-surgical conditions was ensured for at least two weeks before the 

commencement of the experiment. The surgical procedure created critical bone defect (wedge 

of a length of 27 mm, width 13.7 mm and the length of the sides 19.2 mm), conducted with the 

surgeon blinded to the sheep's group, involved stepwise drilling (initially Ø3.5 mm, 

progressing to Ø4.9 mm) and insertion of four positive profile Steinmann pins (Ø5.0 mm) with 

a central thread into the medial aspect of the tibia. The T-bar was secured in the same plane 

between the two innermost Steinmann pins using two 2.7 mm conically-headed screws. 

Subsequently, a drilling guide affixed to the T-bar facilitated the creation of a Ø2.5 mm 

transcortical hole from the caudal aspect at the location of the bone wedge's apex. The defect 

created by the bone fragment is shown in Figure 7. The sheep serum was taken before surgery 

and on days 10, 22, and 29 after the surgery. Following a five-week observation period, the 

animals were euthanized with an overdose of pentobarbital. 

Blood samples on 

Day 0, 1, 3 
Defect left empty 

Calvarial bone 

repositioned 

Excised calvaria 

Bone defect 
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Figure 7 Illustration of sheep tibia defect model and the blood sample collection.  

2.2 CaP biomaterials preparation 

2.2.1 Synthesis of HAp and β-TCP 

Calcium phosphate powders were synthesized via wet precipitation reaction following the 

equations below: 

CaO +  H2O → Ca(OH)2 

10Ca(OH)2  +  6H3PO4 → Ca10(𝑃𝑃𝑃𝑃4)6(OH)2  +  18H2O 

For the synthesis, the following reactants were used: calcium oxide (CaO, Fluka, from marble, 

≥97 %, USA), orthophosphoric acid (H3PO4, Sigma, ≥85 %, USA), and deionized water. 

Calcium oxide was suspended in distilled water and milled at a rotation speed of 300 rpm with 

a Pulversette 5 planetary mill (Germany) to obtain a homogenous calcium hydroxide 

suspension. The acid solution was added to the calcium hydroxide suspension with a slow 

addition rate under stirring to avoid the formation of Ca-deficient apatite. The pH of the 

reaction media was adjusted in the range of 5.0-7.6, depending on the product phase 

composition. In short, the more acidic the pH, the more β-TCP phase, and the more alkaline 

the pH, the more HAp phase. The suspension was left to age for 20 hours at room temperature. 

Following aging, the suspension was filtered using a Buchner funnel, dried at 105 °C, and then 

ground in a mortar.  

2.2.2 Synthesis of ACP 

150 mM calcium chloride (≥98.0%, Supelco, USA) solution was prepared in deionized water 

to synthesize ACP. Subsequently, the pH of the calcium chloride solution was carefully 

adjusted to 11.5 using a 3M NaOH (≥99%, Emsure, Germany) solution. Following the pH 

Critical size defect on the sheep tibia 

Blood samples on  

Day 0, 10, 22, 29 
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adjustment, an equal amount (150 ml) of 100 mM tri-sodium phosphate (85%, Sigma, USA) 

solution was added rapidly to the calcium chloride solution (total volume 300 ml). Throughout 

the process, continuous stirring was maintained. Immediately after precipitation, the 

suspension underwent centrifugation at 3000 rpm for 5 min, and the resulting precipitate was 

washed three times with deionized water. Later, the centrifuge tube containing the precipitate 

was immersed in liquid nitrogen for 15 minutes, followed by freeze-drying for 72 hours. The 

obtained power was stored in airtight containers until further processing (cold sintering).   

2.2.3 Synthesis of ACP-Glu 

To synthesize ACP with glutamate (ACP-Glu), a 150 mM calcium glutamate (99%, 

BenchChem, Germany) solution was prepared in Milli-Q® water. Subsequently, the pH of the 

calcium glutamate solution was carefully adjusted to 11.5 using a 3 M NaOH solution. 

Following the pH adjustment, an equal amount (150 ml) of 100 mM trisodium phosphate 

solution was added rapidly to the calcium glutamate solution (total volume 300 ml). 

Throughout the process, continuous stirring was maintained. Immediately after precipitation, 

the suspension underwent centrifugation at 3000rpm for 5 min, and the resulting precipitate 

was washed thrice with Milli-Q® water. Later, the centrifuge tube containing the precipitate 

was immersed in liquid nitrogen for 15 minutes, followed by freeze-drying for 72 hours. The 

obtained power was stored in airtight containers until further processing (cold sintering). 

2.2.4 High-temperature sintering of CaP 

2.2.4.1 Determination of CaP shrinkage 

A pre-experiment was conducted before high-temperature sintering to determine the extent of 

calcium phosphate (CaP) shrinkage. Since different CaP phases exhibit varying shrinkage 

levels during the ceramic high-temperature sintering process, it is crucial to account for these 

differences when preparing the green ceramic bodies to ensure that the resulting samples are 

of nearly equal size. Maintaining uniform sample sizes is important because size disparities 

could influence cell adhesion to the CaP surface during cell experiments, potentially impacting 

the experimental outcomes. 

CaP (pressed under the force of 30 kN) cylindrical tablets (height 2 mm, diameter 20 mm) 

prepared for high-temperature sintering were broken into small cubes (cross-sectional area 4 

mm2). The cubic sample was placed in the furnace of a heating microscope (EM301 Heating 

Microscope HT16 furnace, Hesse-instruments, Germany) to record and measure its shadow 
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change during the temperature increase effectively. Under light, the cross-section of the cubic 

sample produced a shadow, and the camera captured the shadow's area in real time. As the 

ceramic material shrinks during sintering, changes in the shadow's recorded area reflect the 

material's dimensional changes. The temperature was gradually increased to 1400 °C, with a 

heating rate of 80 °C/min from room temperature to 500 °C and 15 °C/min from 500 °C to 

1400 °C. The recorded captured area changes during sintering were analyzed and presented as 

shrinkage curves. 

2.2.4.2 Preparation of CaP tablets 

The resulting powders from 2.2.1, 2.2.2, and 2.2.3 were compressed into cylindrical tablets 

(height 2 mm, diameter 20 mm) under a uniaxial force of 30 kN. The 0.71 g of the powder was 

weighed and transferred to an easy-retrieve cylindrical pressing die (Across International, 

Berkeley Heights, New Jersey, USA) with an inner diameter of 20 mm. The pressing die with 

the CaP powder inside was placed in a two-column lab press (PW 40; P/O/WEBER, 

Remshalden, Germany), and 30 kN was applied to the powder. The holding time of the applied 

force was 2 minutes. During pressing, the CaP powder was pressed into tablets with the same 

diameter as the die's inner diameter, as illustrated in Figure 8. The pressed tablets were then 

ready for further sintering procedures. As a result, pure HAp and β-TCP tablets were 

manufactured, and in the subsequent text, the HAp sample group is referred to as HAP and the 

β-TCP sample group is referred to as TCP. The biphasic calcium phosphates with a ratio of 95% 

HAp and 5% β-TCP were prepared and named as H95. The biphasic calcium phosphates with 

an 87% HAp and 13% β-TCP ratio were prepared and named H87. The biphasic calcium 

phosphates with a ratio of 58% HAp and 42% β-TCP were prepared and named as H58. 

 

Figure 8 (A) Illustration of CaP tablets preparation. (B) Photo of the pressing die. (130) 
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2.2.4.3 Preparation of high-temperature sintered CaP samples. 

The shrinkage curves derived from the CaP shrinkage study demonstrated the shrinkage 

behavior of pressed CaP tablets during sintering. However, these curves were not obtained for 

materials with fully formed structures and final dimensions. Consequently, based on the 

shrinkage curves, sintering trials of fully pressed tablets were individually evaluated to 

determine the most suitable size for each CaP type. The CaP cylindrical tablets (ø =20 mm), 

after compaction at 30 kN, were sintered using elevated temperatures. Because of the 

differences in CaP shrinkage ratios, the tablets were sintered at different temperatures to ensure 

the sizes were similar to the plate wells (ø =15 mm). The temperatures were adjusted according 

to the shrinkage curves and trials from 2.2.4.1. The temperatures for CaPs were: HAp: 990 °C; 

H95: 1030 °C; H58: 1135 °C; TCP: 1100 °C. The heating-up time was 3 hours, and the holding 

time was 1 hour. 

2.2.5 Cold sintering of CaP samples 

0.3 g of ACP, ACP-Glu, and HAp powders were used to prepare individual samples. After 

weighing, the powder was transferred to a 13 mm inner-diameter split-sleeve pressing die made 

of W18Cr4V hardened carbon tool steel (Across International, Berkeley Heights, New Jersey, 

USA). Transparent tape was used to cover core die surfaces, preventing sticking, scratching, 

and contamination. A PW 100 ES two-column electrohydraulic laboratory press (P/O/WEBER, 

Germany) was used for sample compression, applying a uniaxial pressure of 1.5 GPa. The 

pressure was incrementally raised at approximately 15 MPa/s and maintained for 5 minutes. 

Afterward, the pressure was gradually released, and the compacted sample was extracted from 

the die. The cold sintering process was carried out at 18 to 25 ℃. 

2.3 CAP characterization 

2.3.1 X-Ray diffraction (XRD) analysis 

To verify the phase compositions of CaPs, all sintered CaP discs were characterized by XRD 

(PANalytical Aeris, Netherlands). The characterization analysis was performed with X’Pert 

Data Collector, X’Pert Data Viewer, X’PertHighScore, and the International Centre for 

Diffraction Data PDF-2 (ICDD). XRD patterns were recorded using 40 kV and 15 mA, K-α1,2 

wavelengths 1.541, step size 0.0435°, within range 2θ from 10°to 70°, time per step 147.39 ms, 

for crystalline phase identification, succeeding ICDD entries were used. The crystallographic 

patterns and corresponding peaks of HAp (ICDD 09-0432) and β-TCP (ICDD 09-0169) were 
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identified using X’PertHighScore software (Malvern Panalytical, Worcestershire, UK), based 

on data from the ICDD database. 

2.3.2 Scanning electron microscope (SEM) imaging 

CaP disks were mounted on sample holders with double-sided carbon tape, sputter-coated with 

carbon (LEICA EM ACE200, Flash, 20 pulses, Germany), and one connective line was drawn 

with silver paint. SEM images were acquired at 5 kV, 1 µs scanning speed, and a distance of 

3.03 mm (Tescan Vega SEM, Czech) using frame averaging with 50 frames. 

2.3.3 Determination of glutamate release from ACP-Glu 

The cold-sintered ACP-Glu tablets were submerged in 1 ml of culture medium (DMEM, 

Thermo Fisher #11965, USA) in a 24-well plate (surface-treated, Costar, USA). 3 individual 

groups were used in parallel. The 50µL aliquots of dissolution media were collected into 

Eppendorf tubes at 3, 6, 9, 24, 48, and 72 hours after the initial sample immersion in DMEM. 

The release experiments were terminated after 72 hours of sample immersion, aligning with 

the 72-hour media exchange interval utilized in the MC3T3-E1 preosteoblast in vitro studies. 

Methanol (200 µL) was added to the collected media (50 µL), so the final methanol 

concentration was 80%. The collected samples were dried by vacuum centrifuge (Vacufuge 

plus - Centrifuge Concentrator, Eppendorf, Germany) and reconstituted with 10 μL of the 

isotopically labeled internal standard mix and 90 μL of methanol. Then, the samples were 

transferred into glass vials for further LC-MS analysis for detailed glutamate levels. 

2.3.4 Determination of specific surface area 

The specific surface area was measured with the N2 adsorption system QuadraSorb SI 

(Quantachrome Instruments, USA). Prepared discs were broken into smaller pieces to fit the 

container. The samples underwent degassing in an AUTOSORB degasser (Quantachrome 

Instruments, USA) for 24 hours under vacuum at room temperature before generating the 

adsorption-desorption isotherms. The specific surface area of the compacted samples was 

determined using the Brunauer-Emmett-Teller model. 
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2.4 In vitro studies 

2.4.1 Cell culture of NIH/3T3 cell line 

NIH/3T3 fibroblast-like cells (ATCC CRL-1658, ECACC 93061524, UK) were cultured in 

Dulbecco’s Modified Eagle’s medium (DMEM, Gibco, USA) supplemented with 10% calf 

serum (Sigma, USA) and 1% Penicillin-Streptomycin (Gibco, USA). The cells were incubated 

at 37 °C in a 5% CO2 environment for 3 days after thawing and before further experiments. 

The cells at passage 7 were seeded on material surfaces in a surface-treated 24-well culture 

plate (surface-treated, Costar, USA) with 4 replicates of each group. The seeding density was 

6×104 cells/ml and 1 ml per well/tablet. The cells seeded in wells without materials were used 

as control groups. No negative control group was set; only a positive control was needed for 

metabolite extraction. 

2.4.2 Cell culture of the MC3T3-E1 cell line 

MC3T3-E1 preosteoblast-like cell lines (ATCC, USA) were cultured in Dulbecco's Modified 

Eagle's medium (DMEM, Gibco, USA) supplemented with 10% fetal bovine serum (heat-

inactivated, Sigma, USA) and 1% Penicillin-Streptomycin (Gibco, USA). Cell culture media 

was modified with an extra 50μg/ml L-ascorbic acid (also known as vitamin C, 99%, Sigma, 

USA), according to the literature (131). The media recipe of DMEM lacks extra glutamate, 

which can perfectly mimic the bone injury situation shown in section 3.1 (Metabolic changes 

during bone healing in animal models). The specific cell culture duration is described later 

from 2.6.5 to 2.6.9. The cells at passage 5 were seeded on material surfaces in a surface-treated 

24-well culture plate (surface-treated, Costar, USA) with 6 replicates for each group. The 

seeding density was 3.5×104 cells/ml and 1 ml per well/tablet. The cells seeded in wells without 

materials were used as control groups. 

2.4.3 LDH cytotoxicity assay  

In the LDH cytotoxicity assay (Thermo Fisher, USA), 50 μl of supernatant culture media 

(collected from the in vitro experiment described in section 2.6.2) was transferred into a 96-

well plate (Tecan, Switzerland), followed by the addition of 50 μl of prepared LDH assay 

reagent. The plate was incubated at room temperature (20 °C) for 30 minutes, protected from 

light. 50 μl of stop solution was added to each well to stop the reaction. Absorbance was 

measured at 450 nm using a plate reader (Tecan, Infinite 300 PRO, Switzerland). Complete 
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cell-free culture media with the assay reagent served as the blank control. The LDH assay was 

performed for the ACP-Glu biomaterials experiment on days 1, 3, and 5. Statistical analysis 

was conducted using one-way ANOVA and a post hoc Tukey test to evaluate group differences. 

2.4.4 Cell Counting Kit-8 viability assay. 

Cell Counting Kit-8 (CCK-8, Sigma) was used to determine cell viability (132). The assay was 

applied for the NIH/3T3 cell line with heat-treated CaP tablets on days 1, 3, and 5. For the 

MC3T3-E1 cell line with cold sintered CaP tablets, the assay was applied on day 5. As the 

technical manual suggested, the assay was added directly to the cells in the culture wells, with 

10% of the total volume. In detail, a 100 μl assay kit was added to 1 ml of culture media. The 

plate was incubated at 37 °C in a 5% CO2 environment for 2 hours. The media was taken into 

a 96-well plate and read by a plate reader (Tecan, Infinite 300 PRO) under the absorbance of 

450 nm. One-way ANOVA followed by a post hoc Tukey test was used to detect group 

differences. 

2.4.5 Cell attachment on material surfaces 

The cell attachment on high-temperature sintered samples (HAP, H95, H58, and TCP) was 

evaluated using SEM. After 24 h of incubation in culture media, high-temperature sintered 

sample discs were removed, and non-attached NIH-3T3 cells were rinsed with phosphate-

buffered saline (PBS, Sigma, USA). Samples were washed twice with PBS (37 °C) and fixed 

in 4% paraformaldehyde solution for 40 minutes at room temperature. Then, samples were 

washed three times with room temperature PBS and dehydrated with gradual ethanol/water 

dehydration (ethanol concentration gradually increase as 25%, 50%, 75%, 90%, 100%; 5 

minutes each) and dried for 20 minutes in fume hood under room temperature after adding one 

drop of hexamethyldisilane (Sigma, ≥99%, USA) on top of the material. Dried samples were 

mounted on sample holders with double-sided carbon tape and sputter-coated with carbon 

(LEICA EM ACE200, Flash, 20 pulses, Germany), and one connective line was drawn with 

silver paint. SEM images were acquired at 5 kV, 1 uS scanning speed, and a distance of 3.03 

mm (Tescan Vega SEM, Switzerland) using frame averaging with 50 frames. 

2.4.6 Colorimetric alkaline phosphatase (ALP) assay 

ALP assay was applied to evaluate the ALP level of the cells on different materials (from 2.4.2) 

to evaluate the initial stages of osteogenesis. 4 mg/ml p-nitrophenyl phosphate (pNPP, Sigma, 
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USA) solution was prepared from p-nitrophenyl phosphate tablets (Sigma, USA). ALP activity 

was assessed by measuring the formation of p-nitrophenol (p-NP) from pNPP, using a standard 

curve prepared from a p-nitrophenol stock solution (Sigma, USA). At each time point, 100 µL 

of culture media supernatant was collected in 1.5 mL Eppendorf vials. Subsequently, 100 µL 

of deionized water, 250 µL of alkaline buffer (Sigma, USA), and 50 µL of pNPP solution were 

added sequentially. The vials were gently shaken by hand for thorough mixing and incubated 

at 37 °C for 15 minutes. After incubation, 100 µL of the solution was transferred into a 96-well 

plate (Tecan, Switzerland) and measured at 405 nm using a plate reader. ALP levels were 

assessed on days 3, 7, and 14, with triplicates for each group. One-way ANOVA followed by 

a post hoc Tukey test was used to detect group differences. 

2.4.7 Free calcium analysis 

The calcium level in conditioned media from MC3T3-E1 cells cultured on ACP, ACP-Glu, 

HAP, and CNT was measured on day 10, with 7 replicates. Calcium concentration in media 

was determined using a calcium colorimetric assay kit (Sigma, USA). For each sample, 50 µL 

conditioned media was transferred to a 96-well plate (Tecan, Switzerland), followed by the 

addition of 90 µL chromogenic reagent and 60 µL calcium assay buffer provided with the assay 

kits was then added to each well. The plate was incubated at room temperature for 15 minutes, 

protected from light, and then immediately read by the plate reader (Tecan, Switzerland), with 

the absorbance at 575 nm. A standard curve was generated using the calcium standard provided 

with the kit, and calcium levels were calculated accordingly. Statistical analysis was performed 

using one-way ANOVA and a post hoc Tukey test to detect group differences. 

2.4.8 Free phosphate analysis 

Phosphate in conditioned media of MC3T3-E1 cells cultured on ACP, ACP-Glu, HAP, and 

CNT groups was measured on day 10, with 6 replicates. A phosphate assay kit (Sigma, USA) 

was applied to measure the free phosphate level in the media. 50 µL conditioned media was 

taken into the 96-well plate (Tecan, Switzerland), followed by 100 µL of the malachite green 

reagent to each well. The plate was incubated for 30 minutes at room temperature, avoiding 

light interference. The plate reader (Tecan, Switzerland) set to the absorbance at 620 nm was 

employed for measurements. A standard curve was generated using the phosphate standard 

provided with the kit, and phosphate levels were calculated accordingly. One-way ANOVA 

followed by a post hoc Tukey test was used to detect group differences. 
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2.4.9 OPN (Osteopontin) and OCN (Osteocalcin) activity 

Mouse Osteocalcin ELISA Kit provided by Abcam (ab285236, UK) and Mouse Osteopontin 

ELISA Kit (RAB0437) provided by Sigma (USA) were applied to test the OPN and OCN 

levels in culture media after culturing MC3T3-E1 cells with ACP, ACP-Glu, HAP, and CNT 

groups for 7 days and 14 days. Media samples were collected in 1.5 mL Eppendorf tubes and 

stored at -80 °C for further analysis. 100 µl conditioned media was added to each well for the 

OCN ELISA kit, and 50 µl conditioned media was added to each well for the OPN ELISA kit. 

The assay was applied according to the manufacturer's guidance. According to the user manual, 

biotinylated detection antibody, HRP Conjugate working solution, substrate, and stop solution 

were sequentially added to the wells, with washing steps between each addition. Absorbance 

was measured at 450 nm using a microplate reader (Tecan, Switzerland). 

2.4.10 Alizarin Red staining 

In this study, Alizarin Red solution (MilliporeSigma, USA) was applied. To avoid staining the 

materials, MC3T3-E1 cells were not directly cultured on them. The materials were left on the 

transwell insert on top of the cultured cells (Figure 9). The investigation focused on the sample 

groups (ACP, ACP-Glu, HAP, and CNT) cultured for 21 days on a 6-well plate with 3 

replicates. After removing the culture media, cells were gently rinsed with PBS. Subsequently, 

the cells were fixed with 4% paraformaldehyde at room temperature for 20 minutes. The 

volume of 4% paraformaldehyde was 1 ml per well. After fixation, paraformaldehyde was 

aspirated, and the cells were further rinsed with PBS. Alizarin Red solution, 1 ml per well, was 

added to the wells, and staining proceeded for 15 minutes at room temperature. Following 

staining, the Alizarin Red solution was removed, and the wells were washed with deionized 

water 2 times. Microscope images were captured by a microscope (Optika, Italy) to evaluate 

the degree of mineral deposits that were stained red. Through this, the cell mineralization 

ability can be evaluated.  
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Figure 9 Illustration of Alizarin Red staining layout. Cells were cultured at the bottom (wells), and the biomaterials were 
placed in transwells. Staining was applied to the cells directly.  

2.5  Metabolomics analysis 

2.5.1 Liquid chromatography–mass spectrometry (LC-MS) based metabolomics 

Targeted quantitative metabolite analysis was conducted using HILIC-based liquid 

chromatography and mass spectrometric detection employing an Orbitrap Exploris 120 system 

(Thermo-Fisher Scientific, USA). Metabolites were separated on an ACQUITY UPLC BEH 

Amide 1.7 μm 2.1 x 100 mm analytical column (Waters, USA). The gradient elution was 

carried out using 0.15% formic acid (≥98%, Sigma, USA) and 10 mM ammonium formate 

(≥99.0%, Sigma, USA) in water as mobile phase A and a solution of 0.15% formic acid and 

10 mM ammonium formate in 85% acetonitrile as mobile phase B. The initial conditions were 

set to 100% mobile phase A. After 6 minutes, the mobile phase A level was reduced to 94.1%. 

From 6.1 to 10 min, mobile phase A was set to 82.4%, and from 10 to 12 min, mobile phase A 

was set to 70.6%. The column was then equilibrated for 6 min at initial conditions. The total 

analysis time was 18 minutes. The mobile phase flow rate was 0.4 mL/min; the injection 

volume was 2 μL, and the column temperature was 40 °C. For MS detection, an Orbitrap 

Exploris 120 mass spectrometer was used. The MS analysis was performed in ESI positive and 

ESI negative modes, Full Scan mode, with a mass range from 50 to 500 m/z. The ESI spray 

voltage was set to 3.5 kV in positive mode and 2.5 kV in negative mode, the gas heater 

temperature was set to 400 °C, the capillary temperature was set to 350 °C, the auxiliary gas 

flow rate was set to 12 arbitrary units, and the nebulizing gas flow rate was set to 50 arbitrary 

units. Seven-point calibration curves with internal standards (carnitine NSK-B-1 and amino 

acid MSK-A2-1.2, Cambridge Isotope Laboratories, USA) were used for quantitative analysis. 

Tracefinder 51.1 General Quan (Thermo-Fisher Scientific, USA) software was used for LC-

MS data processing and quantification.  

Material 

Cell 
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The metabolite profiles were analyzed using MetaboAnalyst 5.0 and GraphPad Prism 9. The 

data were expressed as mean ± SD. The metabolite concentration data were normalized by Log 

transformation and Pareto scaling (mean-centered and divided by the square root of the 

standard deviation of each variable) for statistical analysis. Pathway and enrichment analysis 

used the Small Molecule Pathway Database as the pathway library. 

2.5.2 Metabolite analysis of animal serum 

Metabolites were extracted through a methanol-based extraction protocol. 10 μL serum was 

taken into an empty Eppendorf tube and mixed with 80 μL methanol and 10 μL standard (the 

total methanol ratio is 80%). Each sample was vortexed for 15 seconds and then centrifuged at 

6000 rpm (Microspin 12, BioSan, Latvia). The liquid was transferred into an HPLC glass vial. 

Targeted quantitative metabolite analysis was conducted using a HILIC-based separation 

technique and mass spectrometric detection utilizing the Thermo Orbitrap QExactive mass 

spectrometer (Thermo-Fisher Scientific, USA). 

2.5.3 Intercellular metabolites collection  

Cells were cultured in triplicate under the conditions described in 2.4. Before the extraction 

and cell culture media were removed, cells were washed with ammonium bicarbonate (≥99.5%, 

NH4HCO3, Sigma, USA) solution (75 mM, 37 °C) to eliminate the influence of metabolites in 

the culture medium. Cells were quenched with 1 mL of cold 80% v/v methanol (≥99.9%, 

CH3OH, Sigma, USA) per well and harvested by scraping. The cold methanol effectively 

reduced enzymatic activity while lysing the cells. The collected samples were vortexed for 15 

seconds to ensure complete dissolution of metabolites, followed by centrifugation at 6000 rpm 

(Microspin 12, BioSan, Latvia) at room temperature for 5 minutes. The supernatant, containing 

the metabolites, was collected to separate it from the solid phase, which consisted of organelle 

fragments and proteins. Despite the low temperature, these proteins may contain functional 

enzymes capable of reacting with metabolites. The collected supernatant was dried by a 

vacuum centrifuge. Afterward, 10 μL of the isotopically labeled internal standard mix 

(Chromsystems, Germany) was added to dried samples, followed by 90 μL of methanol. 

Reconstituted samples were transferred to glass vials and applied for LC-MS analysis. 
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2.5.4 Metabolite adsorption on CaP tablets 

The experiments were divided into two sections to evaluate the metabolites adsorbed on CaP 

tablet surfaces. 

In the first part, the high-temperature sintered HAp tablets were used to detect whether small 

molecule metabolites can adhere to the material surface. The same complete culture media used 

in cell culture (3.4.1), Dulbecco's Modified Eagle's medium (DMEM, Gibco, USA), 

supplemented with 10% calf serum (Sigma, USA) and 1% Penicillin-Streptomycin (Gibco, 

USA), was applied with the materials with 1 mL per well in a 24-well plate. Tablets were 

submerged in the culture media. The submersion continued for 1 day, and 3 replicates were set 

for each group. Wells containing only culture media without CaP tablets served as comparison 

control groups. Before sample collection, the media supernatant was carefully removed, and 

the wells were rinsed with ammonium bicarbonate solution, followed by quenching with cold 

80% (v/v) methanol to match the protocol used for intracellular metabolite extraction. These 

steps are performed to remove possible metabolites collected in the culture medium, and the 

metabolites that are adsorbed on CaP or culture plate surfaces would be dissolved in 80% (v/v) 

methanol solution. The methanol-metabolite solution was collected by pipetting and scraping. 

Scraping the CaP and culture plate surfaces was used to simulate the operation process of cell 

experiments, so that the results could better reflect the effect of surface adsorption of 

metabolites in cell experiments. The extracts were dried by vacuum centrifuge, and 10 μL of 

the isotopically labeled internal standard mix (Metabolomics QReSS Standard Mix 1, 

Cambridge Isotope Laboratories, USA) was added to the dried samples, followed by 90 μL of 

methanol. Reconstituted samples were transferred to glass vials and used for LC-MS analysis. 

The wells without materials but submersed with media were used as the control. The metabolite 

profile results were analyzed as described in 2.5.5. Because of the expected variance of mass 

spectrometry measurements (typical CV of 5%), a fold change greater than 0.1 compared to 

the intracellular results is considered adsorbed. 

The second part used cold-sintered HAp, ACP, and ACP-Glu tablets. The control group was 

the 24-well plate (surface-treated culture plate) without any material. For each group, 3 tablets 

(wells) were applied respectively. HAp, ACP, and ACP-Glu tablets were sterilized with 70 % 

ethanol for 1 hour and UV light for 30 minutes on each side before submersion in culture 

medium (DMEM, Thermo Fisher #11965, USA) 1mL for each well. The submersion continued 

for 3 days to ensure the complete adsorption of small molecules. On day 3, the medium was 
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taken out; the tablets were washed with ammonium bicarbonate (NH4HCO3, ≥99.5%, Sigma-

Aldrich, USA) solution (75 mM) 2 times to ensure the remaining free small molecules were 

washed away. Then, the tablets were submerged in 1mL 80 % v/v methanol and shaken on an 

orbital shaker (OS-10, BioSan, Latvia) for 5 minutes at 60 RPM. The methanol was later 

collected in Eppendorf microtubes and vacuum centrifuged (Vacufuge plus - Centrifuge 

Concentrator, Eppendorf, Germany). Afterwards, 10 μL of the isotopically labeled internal 

standard mix was added to dried samples, followed by 90 μL of methanol. Reconstituted 

samples were transferred to glass vials and applied for liquid chromatography-mass 

spectrometry (LC-MS) analysis. 

2.5.5 Statistical analysis 

The metabolite profiles were analyzed by MetaboAnalyst 5.0 and GraphPad Prism 9 (133). The 

data were expressed as mean ± SD with at least 3 replicates. Metabolomics data were 

normalized by Log transformation and Pareto scaling (mean-centered and divided by the square 

root of the standard deviation of each variable) for statistical analysis. Volcano plots were made 

using the data from t-tests and fold change calculations. Analysis of variance (ANOVA), a 

collection of statistical models and their associated estimation procedures used to analyze the 

differences among means, was applied in multiple comparisons to select the most significant 

metabolite. PCA, a dimensionality reduction technique used to transform and summarize data 

into a smaller set of uncorrelated variables called principal components, capturing the most 

significant variance in the original dataset, was applied to distinguish the differences between 

the groups. An ensemble machine learning technique, Random Forest, was utilized to screen 

for specific metabolites. This machine-learning technique combines multiple decision trees to 

make more accurate predictions or classifications by aggregating the results of individual trees. 

It improves model robustness and generalization while reducing the risk of overfitting. In the 

classification processes with rats, both models ran 500 trees, and the sheep models ran 5000 

trees. Pathway and enrichment analysis used the Small Molecule Pathway Database as the 

pathway library. Visualization of the enrichment network of metabolites correlation was 

performed by Metscape in Cytoscape 3.9.1. 
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3 Results and Discussion 

3.1 Metabolic changes during bone healing in animal models 

3.1.1 Critical-size calvaria defect model 

As described in the method section, in the critical-size rat calvaria defect model, the 

experimental group where the calvaria had been removed and repositioned back is considered 

as animals with treatment, and the experimental group where the calvaria had been removed 

but kept empty, leaving the defect, is considered as animals without treatment. 

3.1.1.1 Overview of metabolite profiles 

The obtained serum metabolites are summarized in the heatmap below (see Figure 10). Due to 

the importance of amino acids in metabolic networks, major amino acids are the primary 

research targets of targeted metabolomics. There are apparent differences between the 

metabolite profiles obtained from the initial and the samples after the surgery. Compared with 

the beginning (day 0), the overall metabolite level in the heat map after 1 day and 3 days is 

lower. This overall profile (Figure 10) shows that the metabolite levels (24 out of 32) decreased 

mainly after the bone defect was created and during the healing process. The decrease in the 

metabolite levels happened in both experimental groups, indicating that even with the autograft, 

there is still a significant depletion of the metabolites in critical-size hard tissue defects. 
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Figure 10 Fold changes (FC) compared to Day 0 of serum metabolites of rats with replaced calvaria (left) and serum 
metabolites of rats without the calvaria repositioned to the defect (right). 

PCA plots (Figure 11) show that the metabolite profiles significantly changed after critical 

defect creation surgeries. This suggests that the surgical procedure had a substantial impact on 

the metabolic profiles of the animals. The two time points (day 1 and day 3) after the surgery, 

however, presented clustering. The PCA plots show that, at day 1 and day 3 post-surgery, the 

metabolite profiles in both groups cluster together. This suggests that, over time, there is a 

convergence or similarity in the metabolic changes in response to the surgery.  
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Figure 11 PCA plots of metabolite profiles. 

3.1.1.2 Identification of metabolic changes during bone healing 

In order to screen the metabolites with the most significant changes, correlation analysis and 

random forest were applied. Both methods can identify and rank the metabolites with the most 

statistically significant changes. 

Correlation analysis can be performed either against a given feature or against a given pattern. 

The pattern is specified as a series of numbers separated by "-," representing the time in days 

0, 1, and 3. Figure 12 shows the correlation patterns of the top 25 metabolites.  

 

Figure 12 Correlation pattern of the top 25 metabolites correlated with day 0, 1, and 3. The value represents the positive 
and negative linear correlation. 
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Only carnitine and carnitine derivatives (isovalerylcarnitine, propionylcarnitine, 

acetylcarnitine, octanoylcarnitine) presented a positive correlation within both experimental 

groups over time. The correlation coefficient of carnitine is 0.33 in the repositioned calvaria 

group and 0.66 (significant) in the group where defects were left empty. This suggests that 

serum from animals with critical size defects exhibits higher carnitine levels than in pre-defect 

conditions. Carnitine and its derivatives are essential for transporting long-chain fatty acids 

into the mitochondria, which are the energy-producing organelles in cells (134). This process 

allows fatty acids to be oxidized to generate ATP, the primary source of cellular energy. During 

injury and recovery, the body may require more energy to support various processes such as 

tissue repair, inflammation, and immune responses. Hence, higher carnitine levels may 

facilitate the fulfillment of increased energy requirements. Carnitine has been shown to have 

anti-inflammatory properties, which can be beneficial in the context of injury. It may help to 

modulate the immune response, reduce inflammation, and promote healing (135).  

Glutamine stands out as the metabolite with the strongest negative correlation to time, with a 

correlation coefficient of -0.82 in the group where the calvaria was repositioned and -0.84 in 

the group where the defect was left empty. Glutamine levels decreased significantly for both 

experimental groups: from 44.5 μM to 37.4 μM (Figure 13).  

 

Figure 13 Concentration of glutamate and glutamine in serum (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) 

Random forest identified glutamine as a critical variable in explaining the time-dependent 

changes in the context of bone injury. In Figure 14, the color represents the trend of how this 

metabolite typically responds under different conditions, offering insights into its relative 

contribution to the model's predictions. The observation that both PCA plots and random forest 

analysis identify glutamine as a key metabolite that decreases over time strengthens the 

confidence in the reliability of this finding. Both methods demonstrated that glutamine levels 
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decrease after bone injury, serving as a marker of critical-size defects. Glutamine is mainly 

metabolized into glutamate. Lower glutamine levels have clinical implications in wound 

healing, limiting patient recovery and outcomes. It could indicate a higher demand for 

glutamine in the body during the initial stages of injury and healing. In addition, dietary 

supplementation of glutamine can increase α-ketoglutaric acid levels and, therefore, enhance 

the tricarboxylic acid cycle (TCA cycle). The results suggest that clinicians should consider 

monitoring glutamine levels in patients recovering from bone injuries and supplementing if 

levels are insufficient. 

 

 

Figure 14 Random Forest identification of most influential variables. The number of trees was controlled at 500, with 7 
predictors. 

Glutamine is a versatile amino acid with critical roles in cellular metabolism and signaling 

pathways. Significantly, a substantial portion (around 97%) of glutamine undergoes 

degradation to form glutamate, subsequently serving as a substrate for synthesizing urea and 

glucose or as an energy source for ATP generation (see Figure 15). It is important to mention 

that while glutamine plays a pivotal role as a precursor for numerous critical compounds (e.g., 

purines, glucosamine, etc.), these account for a relatively small portion (<3%) of the overall 

glutamine metabolic processes (Figure 15). Additionally, glutamine functions as an anabolic 

signaling molecule, often activating the mammalian target of rapamycin (138). During injury 

and recovery, there is an increased metabolic demand, particularly for energy, as the body 

undergoes various repair processes (136). Glutamine is often used as an energy source in these 

situations, which can reduce its levels. As the significant downstream of glutamine, glutamate 

can serve as a precursor for synthesizing glutamine in the body. When glutamine is depleted, 

supplying glutamate via biomaterials could aid in restoring glutamine levels (139). Cells can 
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absorb glutamate and enzymatically convert it into glutamine. This process is crucial for tissues 

with elevated metabolic demands, such as bone and muscle, during healing.  

 

Figure 15 The metabolism of glutamine (138,139) 

Given the significance of glutamate and glutamine, their concentration changes were further 

analyzed across both experimental sample groups at day 0, day 1, and day 3 (Figure 16). The 

results revealed a similar trend from the experimental groups with and without the repositioned 

calvaria bone fragments. Nevertheless, a decrease in glutamate concentration was observed in 

both experimental groups. In the group with repositioned calvaria, levels declined from 0.35nM 

to 0.17 nM on day 1 and to 0.22 nM on day 3. Similarly, in the group with empty defects, 

concentrations dropped from 0.29 nM to 0.16 nM on day 1 and to 0.26 nM on day 3. (Figure 

13). It might indicate that glutamate shortage has been alleviated to some extent. At the same 

time, glutamine concentration in the experimental samples decreased.  

3.1.2 Sheep tibia critical size defect model 

3.1.2.1 Identification of metabolic changes during bone healing 

Serum of the sheep with critical size defect (wedge of a length of 27 mm, width 13.7 mm and 

the length of the sides 19.2 mm) at tibia were collected and analyzed as described in 2.1.4 The 
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sheep serum was taken before surgery and on days 10, 22, and 29 after the critical size defect 

at tibia was created. In total, 46 metabolites were targeted for detection and quantification. The 

overall serum metabolites profile is shown in Figure 16. 
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Figure 16 The serum metabolite profile from sheep with critical-size tibial defects is presented as fold changes in a heatmap, 
with metabolite concentrations normalized to the values obtained on Day 0. 

A chronological correlation pattern search was systematically conducted from Day 0 and 

progressed through Day 10, Day 22, and Day 29 (as illustrated in Figure 17). The findings 

indicated that myristoyl carnitine exhibited the most substantial downregulation over time, 

followed by glutamate, taurine, and carnosine. The results showed that myristoylcarnitine is 

very sensitive to bone injury (Figure 17), the subsequent treatment (mechanical stress), or the 

overall physiological changes during the healing and recovery process. Myristoylcarnitine is a 

fatty acid myristic acid derivative and plays a role in fatty acid metabolism (134). The 

downregulation of myristoylcarnitine may reflect a shift in metabolic priorities. During injury 

and healing, the body's metabolic focus may shift toward energy production, tissue repair, and 
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other processes. The inflammation and oxidative stress during bone healing can influence fatty 

acid metabolism, potentially leading to changes in metabolites like myristoylcarnitine (141). 

During the long-term bone repair process, the intensity of inflammation seriously affects the 

healing effect. 

 

 

Figure 17 Correlation pattern of the top 25 metabolites correlated with day 0, 10, 22, and 29. The correlation coefficient of 
L-Glutamic acid is -0.26053 (p=0.000226), ranked as the second-most-impacted metabolite. 

Similar to the serum data analysis from the rat model, a rigorous analysis using random forest 

was applied to investigate the factors influencing the time-dependent changes in the context of 

bone injury and subsequent healing in the sheep model. The study pinpointed glutamate as a 

critical variable that substantially impacted the observed changes over time (see Figure 18). 

The noteworthy finding is the consistent downward trend in glutamate levels across all time 

points examined, namely, from the baseline measurement at day 0 through the subsequent 

evaluations at day 10, day 22, and concluding at day 29, according to the color changes in the 
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line of L-glutamic acid (glutamate). Among many metabolites, glutamate tends to decrease 

gradually with time. This progressive reduction in glutamate levels throughout the healing 

process underscores the significance of glutamate as an informative marker representing the 

temporal dynamics of the healing process in response to bone injury. 

 

Figure 18 Random Forest identification of most influential variables. The number of trees was controlled at 5000, with 7 
predictors. 

Taking the glutamate data by itself, there is a significant decrease. The significance, 

represented by the P-value (Figure 19), also showed a more substantial value when the time 

gap changed from 0.445 nM (D0) to 0.374 nM (D29). In other words, the longer the interval, 

the smaller the P-value and the more significant the difference. This indicates that the decrease 

becomes more pronounced as the observation period extends. Interestingly, there is no 

significant difference between day 22 and day 29, indicating that the downward trend of 

glutamate had already gradually stopped and leveled off. The decrease in glutamate levels 

throughout the healing process suggests potential metabolic alterations, cellular activity shifts, 

or biochemical pathway variations. Further investigation is warranted to elucidate the specific 

mechanisms and functional implications of this observed glutamate decrease in the context of 

bone injury and healing, as it holds valuable insights into the underlying processes and potential 

therapeutic targets in bone regeneration and repair.  
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Figure 19 Glutamate level of serum during bone healing. (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). 

Glutamate, a crucial carbon source in the TCA cycle, plays a central role in metabolic processes 

that impact energy production and cellular functions (142). Glutamate is pivotal in 

transamination, facilitating the removal of α-amino nitrogen from amino acids. This process is 

essential for preserving nitrogen balance and enabling the synthesis of various nitrogen-

containing compounds vital for cellular activities. Amino acids belonging to the "glutamate 

family," including arginine, ornithine, proline, histidine, and glutamine, rely on converting to 

glutamate for their metabolic clearance (143). Glutamate has been applied in tissue engineering 

as a poly(glutamic acid) biomaterial (144). Poly(glutamic acid) can also be combined with 

CaPs for bone tissue engineering (145). It has been proven that such poly(glutamic acid)-based 

biomaterials can promote tissue regeneration and regulate a macrophage-regulating 

microenvironment. The findings of the glutamate level are consistent with rat model 

experiments. Identifying glutamate as a downregulated metabolite opens the possibility of 

developing targeted therapeutic interventions. 

The consistent findings across two mammalian species powerfully demonstrate the crucial role 

of glutamate and its metabolism in hard tissue repair, enhancing the reliability of our 

conclusions. These results provide a solid foundation for developing innovative biomaterials 

targeting glutamate-related pathways.  
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3.2 Development of CaPs scaffolds 

The study of CaP biomaterials consists of two main parts. The first focuses on investigating 

the effects of CaP materials on cell metabolism to deepen the understanding of cell-material 

interactions at the molecular level. Given the limited knowledge on integrating metabolomics 

with ceramic materials, it is essential to study common calcium phosphate materials to establish 

a metabolic perspective on these interactions, which will contribute to advancements in 

biomaterials research. The second part aims to develop novel CaP-based biomaterials inspired 

by findings from previous animal serum metabolomics studies. These newly developed 

materials were further characterized and evaluated for their potential applications.  

3.2.1 The preparation of CaPs scaffolds 

3.2.1.1 Shrinkage measurement from hot sintering 

This preliminary experiment was conducted to ensure that the CaP biomaterials prepared for 

subsequent cell experiments have comparable surface areas for cell culture. The results are 

shown in Figure 20, where HAp and BCP start shrinking at lower temperatures, starting at 

700 °C. HAp's shrinkage stops at 1150 °C. The temperature represents the point where grain 

rearrangements and densification stabilize. β-TCP starts shrinking at around 1000 °C. HAP has 

a hexagonal crystal structure and a lower activation energy for sintering (Table 2). In contrast, 

β-TCP has a rhombohedral structure and requires higher temperatures to activate significant 

atomic diffusion and densification (Table 2). The shrinkage test here is a preliminary 

experiment for the cell experiment of CaP material to have a basic view of how those pressed 

CaP tablets behave during high-temperature sintering.  
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Figure 20: The changes in surface area (fold changes) during high-temperature sintering with different materials 

3.2.1.2 High-temperature sintered CaPs 

As a preliminary experiment for cell experiments, some attempts were made to test the sizes 

of different CaPs after sintering. Similar cell culture areas can narrow the gap between groups, 

making the variables appear in the material rather than the area. Different trials were made to 

prepare the CaP tablets with suitable sizes that fit the 24-well cell culture plate, as shown in 

Table 3 below. The tests resulted in the temperature selection used for sample preparation for 

in vitro studies (HAp: 990 °C; H95: 1030 °C; H58: 1135 °C; TCP: 1100 °C). 
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Table 3 CaP tablets sintered under different temperatures 

Material Temperature℃ Diameter(mm) Height(mm) 

β-TCP 1100 14.94±0.08 1.36±0.01 

β-TCP 1060 16.01±0.10 1.49±0.01 

58/42 1270 14.57 ±0.07 1.47±0.01 

58/42 1250 14.28±0.08 1.50±0.01 

58/42 1185 14.18±0.08 1.35±0.01 

58/42 1135 14.44±0.05 1.35±0.01 

87/13 1205 15.30±0.12 1.49±0.01 

87/13 1175 15.70±0.10 1.54±0.01 

87/13 1100 16.67±0.09 1.60±0.01 

87/13 1000 17.48±0.08 1.62±0.01 

95/5 1000 15.09±0.05 1.36±0.01 

95/5 1030 14.83±0.05 1.35±0.01 

HAp 1000 14.93±0.05 1.24±0.01 

HAp 990 14.88±0.06 1.35±0.01 

HAp 950 15.43±0.06 1.42±0.01 

 

3.2.1.3 Cold-sintered CaPs 

Because glutamic acid, as an organic small molecule, will be inactivated and degraded at high 

temperatures, the subsequent processing of the material must be carried out at room 

temperature or low temperature. As mentioned in the introduction, cold sintering is a suitable 

and promising ceramic material processing technology that prepares the bioceramic material 

within an acceptable temperature range. 

Figure 21 displays a photograph of the cold-sintered CaPs. Tablets were fabricated under a 

pressure of 1.5 GPa (detailed in Section 2.2.5), with 6 mm and 13 mm diameters selected for 

subsequent experiments.  
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Figure 21 The photograph of cold-sintered ACP, ACP-Glu, and HAp 

3.2.2 Characterization of CaPs 

3.2.2.1 XRD of CaPs 

The crystalline phase of all heat-treated CaP tablets was determined by XRD, as described in 

section 2.3.1, to verify the composition of CaPs. The following International Center for 

Diffraction Data (ICDD) entries were used for crystalline phase identification: ICDD 09-0432 

for hydroxyapatite and ICDD 09-0169 for β-tricalcium phosphate. The obtained pure samples 

of HAp and β-TCP were consistent with the ICDD patterns (Figure 22). HAp characteristic 

maxima, with the highest intensities, were easily discernible at 25.9° 2θ, as well as the double 

maxima between 31.7° and 32.2° 2θ, and a single peak at 34° 2θ. β-TCP maxima were also 

clearly identified at 20°, 30°, 31°, and 41° 2θ. The percentages of β-TCP and HAp present in 

the biphasic calcium phosphate samples, H58 and H95, were calculated using the Rietveld 

refinement method. The XRD technique was insufficient to detect β-TCP in the H95 XRD 

pattern; however, its presence in H58 was evident, with maxima observed at 20°and 41° 2θ 

(Figure 23). Additionally, the intensity of the HAp characteristic maxima was slightly 

diminished in the H58 sample. The high-temperature-treated ceramics were well-suited for 

subsequent biological testing. 
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Figure 22 XRD pattern of TCP, H58, H95, and HAP  

For the cold-sintered samples, the XRD patterns are shown in Figure 23. The lack of crystalline 

order confirms the formation of synthesized ACP and ACP-Glu. 
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Figure 23 XRD pattern of HAP, ACP-Glu, and ACP 

3.2.2.2 Evaluation of CaP Morphology 

The morphology of the high-temperature sintered material tablets was evaluated using scanning 

electron microscopy (SEM) and is shown in Figure 24. SEM images did not reveal pore 

structures at higher resolutions (20000×). These surfaces exhibit uniformity at the macro-level, 

making them advantageous for studying cell-material interactions. However, at the micrometer 

scale, the material surface contains irregular bumps and depressions. The grain sizes of TCP 

(β-TCP) and H58 (a calcium phosphate composition with 58% HAp and 42% β-TCP) are 

relatively larger (~1 µm) than the CaP with higher HAP content (~0.4µm for H95 and ~0.3µm 

for HAP), likely due to their higher sintering temperatures (H58: 1135 °C; TCP: 1100 °C). 

Additionally, a few sporadic holes can occasionally be observed along the grain boundaries, 

resulting from incomplete sintering of particles. 

 

Figure 24 SEM images of high-temperature sintered CaPs at two magnifications: 2,000× (top) and 20,000× (bottom). 
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 The morphology of the cold-sintered calcium phosphate tablets is shown in Figure 25. Given 

that MC3T3-E1 cells are approximately 20–40 μm in diameter, the cold-sintered tablets appear 

macroscopically flat to the cells (146). The compacted samples display a grain-like structure 

with spherical particles, each about 30 nm in size (Figure 25 B and D). Both ACP and ACP-

Glu materials exhibit similar surface features and microstructures. 

 

Figure 25 SEM images of cold-sintered CaPs. 

3.2.2.3 Specific surface area  

Specific surface area (SSA) assessments based on the BET theory revealed distinct differences 

among the calcium phosphate (CaP) materials based on their sintering methods. Both pure HAp 

and β-TCP exhibited higher specific surface areas (31.8 and 20.1 m²/g, respectively) compared 

to their corresponding composites—15.8 m²/g for H95 and 10.0 m²/g for H58. Phase 

interactions in BCPs (H58 and H95) promote densification and grain growth, reducing porosity 

and surface area. In contrast, pure HAp and β-TCP maintain their inherent porous structures, 

leading to relatively higher surface areas after sintering. In the cold sintering group, HAp 

tablets demonstrated greater surface areas (53.2 m2/g) than ACP (15.0 m2/g) and ACP-Glu 

(10.8 m2/g) synthesized in the presence of glutamate (Figure 26), while the SSA of ACP-Glu 

is slightly lower than ACP. HAp has a more stable and structured crystalline network, which 

resists excessive particle fusion during cold sintering, retaining a higher surface area. ACP is 

inherently more prone to densification due to its disordered nature, but ACP-Glu experiences 
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even greater densification. The presence of glutamate may promote particle rearrangement, 

further reducing porosity and surface area compared to pure ACP. 

 

Figure 26 Specific surface area (SSA) assessments based on the BET 

3.2.2.4 The influence of CaPs on culture media 

High-temperature sintered CaPs did not affect the pH of the culture medium (Figure 27A). In 

the absence of cells, immersion for 24 h reduced the calcium concentration of the culture 

medium by 50% of the original calcium concentration (Figure 27C). On the contrary, the 

concentration of phosphate ions increased 2 times by all 4 bioceramic materials (Figure 27B). 

The addition of CaPs could cause precipitation of calcium phosphate compounds. This led to 

decreased free calcium ion concentration in the media as calcium ions bind to phosphate ions 

and precipitate out of solution. 
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Figure 27  The influence of CaPs to culture media. A. pH. B. Free phosphate groups in media. C. Free calcium ions in 
media. (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) 

3.2.2.5 In vitro evaluation of high-temperature sintered CaPs 

Cell viability responding to a biomaterial is a critical parameter commonly assessed during 

biomaterial evaluation. Furthermore, for quantitative metabolite analysis, different cell 

numbers can influence quantitative results; hence, it is crucial to normalize the obtained data 

to the cell numbers. The CCK-8 measures the metabolic activity of cells by reacting with 

NAD(H) and NADP(H), therefore reflecting the total number of viable cells. The cell viability 

for material groups was similar to the surface-treated culture plate (cell viability between 70% 

to 130% is considered as nontoxic and similar). From the qualitative analysis of SEM images, 

it can be seen that the cell morphology and adhesion did not change significantly in the short-

term (Day 1) culture due to the different composition of calcium phosphate ceramic materials 

(Figure 28B).  
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Figure 28 A. Cell viability on day 1, day 3, and day 5 (cells cultured on CaPs). B. SEM images of fibroblasts attached on 
high temperature sintered CaPs. 

3.2.2.6 Glu release by ACP-Glu 

Various compound release models were tested to simulate the release rate, including the Zero-

Order and First-Order Release Models. Both zero-order and first-order models described the 

cumulative glutamate release well (R² = 0.995 for both models). 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, thereby enhancing the desired therapeutic effect while minimizing 

potential side effects from rapid release. Because the improvement in fit was small relative to 

experimental uncertainty, the goodness-of-fit was assessed by both pseudo-R² from nonlinear 

regression and by visual inspection of residuals was applied. 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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Figure 29 The cumulative release of glutamate from ACP-Glu. Fitting curves and R² values of 3 drug release models. 

3.3 Metabolite analysis 

3.3.1 Metabolomics of NIH/3T3 with CAPs 

3.3.1.1 Metabolite adsorption of HAp compared with intercellular metabolites 

Evaluating whether the experimental condition could introduce bias in metabolite 

measurements is essential to ensure accurate data interpretation. The experimental procedure 

included immersion of the CaP disk in cell culture media, seeding the cells (NIH/3T3) directly 

on the material, and extracting the intercellular metabolites. Typical cell culture media contains 

a plethora of metabolites to ensure proper cellular functions. These small molecules can adhere 

to biomaterial surfaces and could be co-extracted with intercellular metabolites, resulting in 

inaccurate metabolite data. Employing the methodology outlined in section 2.5.4, the analysis 

revealed the adsorption of 29 distinct metabolites from NIH/3T3 cell lines onto the CaP surface, 

persisting even after rigorous washing with PBS. Compared to the control (cell culture plate), 

more metabolites (3 metabolites with over 0.5-fold changes) are adsorbed onto CaP surfaces 

(HAp in this case). In general, CaPs showed a higher affinity with the positively charged amino 

acids (basic side chains). Lactic acid is adsorbed on both the CaP and control groups, while the 

lactic acid level on the CaP surface is almost 2.75 times higher than that of the control. 

Compared with the control, sulfur-containing amino acids (methionine, taurine, and cystine) 

are found at very high levels on CaP surfaces. The level of metabolites adsorbed onto calcium 

phosphate surfaces and culture plate surfaces was compared to intracellular metabolite levels 

and expressed as fold change (Figure 30).  



81 
 

 
Figure 30 The level of metabolites adsorbed onto calcium phosphate surfaces and culture plate surfaces. The levels were 

compared to intracellular metabolite levels and expressed as fold change. The group to compare was a 24-well culture plate 
(Purple color, material PS, surface treated), and for intracellular metabolite levels, average values for the materials group 

collected on day 1 were used. Metabolites with a high adsorption rate (a fold change greater than 0.1 compared to the 
intracellular results) were excluded from further analysis. Dashed line: fold change = 0.1. n=3. 

3.3.1.2 Metabolite adsorption on cold sintered ACP, ACP-G, and HAp 

In total, 30 metabolites were targeted tested, and 28 are presented because of the undetected 

data. The overview profile is shown by a heatmap in Figure 31. The material groups, including 

ACP, ACP-Glu and HAp, all presented a higher adsorption of amino acids compared to the 

control groups (culture plate cultured cells). All calcium phosphate tablets have a similar 

affinity for octanoylcarnitine compared with the control. The extremely high glutamate level 

in the ACP-Glu group was due to the original glutamate from the material, but not entirely 

because of the free glutamate adhesion from the media.  
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Figure 31 Heatmap with fold changes (FC) of metabolites adsorption on ACP, ACP-Glu, and HAp compared to CNT.  

Principal component analysis (PCA) revealed distinct clustering patterns between the material 

groups and the control (Figure 32). The control group exhibited greater variation compared to 

the calcium phosphate groups. Overall, the differences between groups were relatively small, 

indicating that the materials have comparable adsorption capacities for small molecules. 

 

Figure 32 PCA plots of metabolite adhesion on ACP, ACP-Glu, HAp, and CNT (culture plate) 
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The data obtained revealed that putrescine is the most significant metabolite that adhered to the 

calcium phosphate surface, not the culture plate. It is a polyamine that plays a vital role in cell 

growth (147). It supports this process by modulating gene expression, promoting protein 

synthesis, and facilitating DNA replication. Putrescine acts as a precursor for synthesizing 

other polyamines like spermidine and spermine, which also play essential roles in cell growth. 

Putrescine may play a role in wound healing by promoting cell migration, tissue remodeling, 

and angiogenesis (forming new blood vessels), which are all necessary for bone regeneration 

(148). The different ability to capture putrescine may be one of the merits why calcium 

phosphates are recognized as the ideal biomaterials for bone regeneration.  

Among all the amino acids, cystine showed a similar level between all CaP groups and the 

control (Figure 33). Other amino acid levels were found to be higher in cold-sintered samples 

than in those in the control group. As mentioned before, calcium phosphates are known for 

their bioactivity and biocompatibility. The increased affinity for amino acids suggests they can 

readily interact with organic molecules, such as proteins and peptides. This is advantageous for 

promoting interactions with cells and biological molecules at the bone-implant interface. The 

higher affinity of CaPs for amino acids may lead to increased protein adsorption on their 

surfaces, which has been studied very often in the biomaterials field (33,149). The enhanced 

interaction with biological molecules makes them suitable for orthopedics and tissue 

engineering applications. Of note, both ACP and ACP-Glu showed less affinity to alanine.  

 

Figure 33 Examples of adhered metabolites. (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) 
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3.3.1.3 Metabolite profiling of HAp, H95, H58, TCP, and cold sintered ACP 

The metabolite profile of 3T3 fibroblast cultured on CaP tablets is presented in Figure 34. ACP 

showed a lower overall level of most of the metabolites presented here.  
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Figure 34 Heatmap of intracellular metabolites of NIH/3T3 on CNT, ACP, TCP, H58, H95, and HAp, presented by fold 
changes (FC) compared to control (CNT). 

The PCA plot shows that the CNT group has a cluster dependent on the CaP groups (Figure 

35). ACP shows a different distribution from the other crystalized CaPs, especially in PC1, 

which has the most considerable weight (61.6%). Cell metabolism behaves differently in 

amorphous materials than in crystalline ceramic materials. 
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Figure 35 PCA plots of fibroblast cell metabolites with different materials 

3.3.1.4 The influence of time and composition on metabolism 

Due to the unique results observed in the ACP group, the other CaP groups were analyzed 

separately to investigate metabolic differences between calcium phosphate-based materials and 

the control. However, in this study, PCA did not distinguish CaP samples with different phase 

compositions into clearly defined clusters (Figure 36). Although a few metabolites increase or 

decrease with the changes in HAp content, the correlation coefficients are too low to conclude. 
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Figure 36 PCA plots of all 4 types of crystalline CaPs on Day 1, Day 3, and Day 5. 
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Statistical data analysis, including PCA and t-test, is performed to identify metabolites with 

significant changes induced by CaPs. PCA score plots revealed a close clustering of the CaP 

materials group and a substantial separation between the materials and control groups (Figure 

37). The metabolite changes at the earlier time point presented a more significant variation than 

the later time points, suggesting a more substantial distinction between CaPs and control groups 

at the initial phase.  

  

Figure 37 Cluster analysis by PCA with all CaP and control groups from days 1, 3, and 5 (n=4). 

Proline is up to 5 times upregulated in CaP groups over all 3 time points. Notably, the reduction 

of any amino acid is not observed with CaP groups. On the other hand, compounds of energy 

metabolism are significantly impacted by CaPs. For example, ATP concentrations in material 

groups (1.43nM) are 4 times lower than in the control groups (6.90nM). At the same time, 

levels of fructose 1,6-bisphosphate (FBP), a critical molecule in the glycolysis metabolic 

pathway, are 10 times reduced in cells exposed to CaPs: from 42.30nM of CNT to 5.07nM of 

CAP (Figure 38). As a result, CaP biomaterials can interfere with glucose metabolism, reducing 

glycolytic flux and ATP production. CaPs could impact oxidative phosphorylation, leading to 

lower ATP levels. 
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Figure 38 Intracellular level of ATP and FBP. *P<0.05, ***P<0.001 (n=4). (*P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001) 

The heatmap of nucleotides and pentose phosphate pathway/glycolysis metabolites on day 1 is 

presented in the Figure 39. There is a noticeable decrease in nucleoside and FBP among the 

CAP groups and an increase in F6P and G6P in the CAP groups. This indicated that the calcium 

phosphate materials hugely impacted energy production. 

 

Figure 39 Heatmap of energy metabolites change profile of the CaP groups and CNT on Day 1. Presented by the magnitude 
of individual values within a dataset as a color. 

3.3.1.5 Pathway analysis of high-temperature sintered CaPs compared with CNT. 

The fold changes of metabolites in carbohydrate metabolism are shown in the Figure 40. A 

substantial disturbance of energy metabolism and higher energy consumption of the cells 

caused by CaPs is presumed. The levels of G6P and F6P, two intermediates in the glycolysis 

ATP FBP 
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pathway formed in the first and second steps, respectively, are higher than compared to the 

control. In contrast, the FBP, developed at the sixth step of glycolysis, is significantly decreased 

by CaPs. The enzyme that catalyses the irreversible conversion of F6P, phosphofructokinase-

1 (PFK-1), is the rate-limiting enzyme of glycolysis (150). 

 

Figure 40 The changes of metabolites involved in glycolysis (carbohydrate metabolism) happened on CaPs. Presented by 
fold changes compared to CNT at each time point.  

Lactic acid level, the end product of anaerobic glycolysis, can indicate cellular glycolysis 

metabolism. An initial period of high anaerobic glycolysis is anticipated, followed by a decline 

in anaerobic glycolysis. At the same time, α-ketoglutaric acid, a key metabolite in the TCA 

cycle, is 2 times lower than the control and increased to almost the same level on day 5. The 

production of α-ketoglutarate by isocitrate dehydrogenase and reduction by α-ketoglutarate 

decarboxylase are irreversible, making it a valuable metabolite when analyzing the TCA cycle 

(151–153). α-ketoglutarate decarboxylase is also considered a rate-limiting step of the TCA 

cycle (154). The depletion of α-ketoglutarate on the first day indicated a high energy 

consumption requirement from the TCA cycle. Because anaerobic glycolysis is usually 
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enhanced when the TCA cycle cannot provide enough energy or when there is a limited oxygen 

supply, the α-ketoglutarate and lactic acid levels indicate a higher energy consumption of the 

cells when they attach the CaPs. Also, this additional enhanced consumption decayed over time. 

The overall effect of calcium phosphate on cell metabolism is shown in Figure 41. The 

significant upregulation of amino acids and downregulation of nucleotides are noticed in this 

map. 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. 
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Figure 41 The metabolic pathway map of detected metabolites. Metabolites were marked as up/down regulated or non-
significant changes by color code. The covered pathways include glycolysis, the pentose phosphate pathway, nucleotide 

synthesis, the TCA cycle, carnitine biosynthesis, and the urea cycle.  
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3.3.2 Metabolomics of MC3T3-E1 with ACP, ACP-Glu, and HAp 

3.3.2.1 Metabolite profiling 

To assess the impact of ACP-Glu biomaterials on cell metabolism, a targeted metabolomic 

analysis was conducted on cells cultured on cold-sintered ACP, ACP-Glu, and HAp, with a 

blank culture plate (CNT) serving as the control. ACP, as a calcium phosphate carrier without 

glutamate, was selected as the primary control for ACP-Glu, while HAp and CNT served as 

supplementary reference groups. The metabolite profiles of osteoblasts cultured on ACP, ACP-

Glu, and HAp tablets are presented in Figure 42, revealing significant metabolic differences 

between CNT and all CaP groups. Notably, ACP and ACP-Glu exhibit distinct metabolite 

levels—particularly in amino acids—compared to HAp. Among these differences, glycine 

levels show an opposite trend between amorphous calcium phosphates (ACP and ACP-Glu) 

and crystalline HAp.  
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Figure 42 Heatmap profile of intracellular metabolites of MC3T3-E1 on ACP, ACP-Glu, and HAp. Presented by fold 
changes (FC) compared to CNT. 

The PCA plots in Figure 43 show that the CNT group has a cluster dependent on the CaP 

groups. There are significant differences between HAP and the other two materials. The ACP-

Glu also separates from the ACP, especially in PC 2 (12.6%). This may be because ACP and 

ACP-Glu shows different overall levels of most metabolites, especially amino acids. 
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Figure 43 PCA plots of osteoblast cellar metabolites with different materials 

3.3.2.2 ACP-Glu compared against CNT. 

The comparison between manufactured ACP-Glu and blank control was firstly analyzed 

using volcano plot and shown in Figure 44. Two metabolites, glucose 6-phosphate and 

citric acid, stand out due to their significant alterations. Glucose 6-phosphate is notably 

reduced compared with CNT, while citric acid is notably upregulated. The concentration 

of citric acid is around 8 times higher than the other two CaPs, and about 80 times higher 

than the CNT (Figure 45). Glucose 6-phosphate is a critical molecule in glucose 

metabolism; being down-regulated suggests alterations in energy metabolism or cellular 

signaling pathways. As the second metabolite in glycolysis, the initial reaction of glucose 

metabolism is inhibited. The inhabitation is caused by extra gluconeogenesis function 

provided by glutamate. Citric acid is an intermediate in the TCA cycle; being upregulated 

could indicate changes in energy production or the utilization of cellular resources. The 

significant changes involve energy metabolism, nucleotide synthesis, neurotransmitter 

regulation, and cellular signaling. 
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Figure 44 Volcano plot of significant metabolites compared between ACP-Glu and CNT, presented by fold changes and p-
values. 

 

Figure 45 Detected intracellular citric acid and lactic acid concentration. (*P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001) 

The metabolism pathway enrichment analysis showed the pathways that are altered by ACP-

Glu ceramic tablets (Figure 46). Of which, the Warburg effect is the most significant one. This 

metabolic phenomenon involves a shift in energy production from oxidative phosphorylation 

to glycolysis, even in the presence of oxygen. Glutamate can influence this pathway by altering 

cellular energy metabolism. Glutamate, as a critical metabolite, can affect the glycolysis or 

mitochondrial function rate, potentially influencing ATP production and the cellular redox state 
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(155). This shift can impact bone cells' energy requirements for growth, repair, and 

mineralization processes. 

 

Figure 46 Pathway enrichment analysis of ACP-Glu compared with CNT. 

Not only compared with CNT, the pre-osteoblasts cultured with ACP-Glu presents a 

significantly high level of citric acid. The concentration is around 8 times higher than the other 

two CaPs, and 80 about times higher than the CNT, shown in Figure 45. The function of TCA 

cycle interaction will be discussed in 3.3.2.4. 
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3.3.2.3 ACP-Glu compared against HAp. 

 

Figure 47 Volcano plot of significant metabolites compared between ACP-Glu and HAp, presented by fold changes and p-
values. 

The difference between ACP-Glu and HAp is presented by volcano plot in Figure 47. The 

comparison between ACP-Glu and HAp highlights the differences in metabolite levels, 

particularly the higher levels of CDP (2 times) and citric acid (8 times), as well as the lower 

levels of spermine (0.05 times) in ACP-Glu. Spermine is a polyamine involved in various 

cellular processes, including cell growth, differentiation, and gene expression regulation.  
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Figure 48 Pathway enrichment analysis of ACP-Glu compared with HAp. 

The spermidine and spermine biosynthesis, parallel with the volcano plots, showed an intense 

alteration with spermine biosynthesis, compared between ACP-Glu and HAp (p=0.000013) 

(Figure 48). Glutamate contributes to polyamine synthesis, including spermidine and spermine 

(156). It serves as a precursor in this pathway, converted to putrescine, further leading to the 

synthesis of spermidine and spermine. The presence of glutamate in ACP-Glu might modulate 

the availability or utilization of these polyamines, thus impacting cellular processes like 

proliferation, gene expression, and potentially bone cell behavior. 

3.3.2.4 ACP-Glu compared against ACP. 

4 Figure 49 presents the metabolites difference between cells from ACP-Glu and ACP. When 

comparing ACP and ACP-Glu, notable elevations in citric acid (8 times) and malic acid (3 

times) levels are observed within the ACP-Glu groups (Figure 49). 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 
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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 ACP imply potential enhancements or 

modifications in cellular energy metabolism, possibly leading to increased ATP production 

or turnover. 

 

Figure 49 Pathway enrichment analysis of ACP-Glu compared with ACP. 

Compared between ACP-Glu and ACP, the glutamate can again significantly influence the 

energy metabolism as it did with the control group (shown in Figure 50 by the form of 

enrichment pathway analysis). Moreover, ACP-Glu can also affect the efficiency of acetyl 

group transport and subsequent energy production in the mitochondria. Glutamate is a 

precursor to alpha-ketoglutarate, a key intermediate in the TCA cycle. Through transamination, 

glutamate can donate its amino group to form alpha-ketoglutarate, which enters the TCA cycle 

(157). The modification amplified energy production in osteoblasts. In contrast to the CNTs 

comparison, the impact on histidine and lactose metabolism pathways is relatively insignificant. 

When juxtaposed with metabolomic studies involving fibroblast cells and CaPs, CaPs could 

notably influence amino acid metabolism (3.3.1.3). The absence of discernible differences in 

histidine and lactose metabolism pathways among calcium phosphates can be considered more 

due to the appearance of CaPs.  
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Figure 50 Pathway enrichment analysis of ACP-Glu compared with ACP. 

The pathway illustration (Figure 51) shows the downregulation of metabolites in glycolysis, 

encompassing the primary sugar substrate, glucose. The introduction of a glutamate 

supplement appears to attenuate the activity of anaerobic glycolysis. Furthermore, the 

heightened anaerobic glycolysis induced by CaPs appears to be mitigated by the presence of 

glutamate. Notably, metabolites within the TCA cycle either remained unchanged or exhibited 

an upregulation, suggesting a potential augmentation 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 other 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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Figure 51 Glutamine and glucose metabolism pathway maps compared between ACP-Glu and ACP. “Up” means the 
metabolite concentrations higher in ACP-Glu while “Down” means the metabolites concentration is lower in ACP-Glu. 

4.1.1.1 Summary of the ACP-Glu metabolomics comparison 

ACP-Glu shows a unique metabolic profile. The results showed an alteration in key energy-

related pathways, including the TCA cycle and glycolysis. As mentioned in 3.3.2.4, elevated 

citric acid and malic acid levels suggest increased activity within the TCA cycle and potentially 

enhanced ATP production or turnover. ACP-Glu influences polyamine biosynthesis pathways, 

affecting spermidine and spermine levels. As the one amino acid, glutamate in ACP-Glu affects 

pathways related to amino acid interconversion, such as glycine and serine metabolism. This 

can impact one-carbon metabolism and various cellular processes. Lower levels of these 

polyamines compared to HAp might indicate altered cellular proliferation or gene expression 

regulation, which needs further research. These metabolic alterations signify the potential of 

ACP-Glu to influence bone cell behavior, potentially impacting processes crucial for bone 

health, regeneration, and remodelling 

4.2 In vitro evaluation of osteogenesis by ACP-Glu 

To assess the potential of ACP-Glu as a biomaterial for bone tissue engineering, a series of in 

vitro experiments was conducted, comparing ACP-Glu with ACP, cold-sintered HAp, and a 

blank cell culture plate as controls. 

4.2.1 Biocompatibility test 

The general biocompatibility of the materials is tested by direct cell viability and indirect 

released LDH activity.  
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4.2.1.1 Cell viability by Cell Counting Kit-8 assay 

The cell proliferation is presented by metabolic activity, tested by the Cell Counting Kit-8 assay 

in Figure 52. The cell viability assessment using CCK-8 indicated that ACP-Glu exhibited 

significantly higher cell viability (135%) compared to both the control (P = 0.0102) and HAp 

(P = 0.017), with no significant difference observed between ACP and ACP-Glu (P = 0.51). 

The lower cell viability in the absence of glutamate supply suggests that glutamate is involved 

in various cellular processes, including energy metabolism, protein synthesis, and 

neurotransmission. The lack of glutamate can compromise these processes and reduce cell 

viability. As discussed in 3.4.2.1 (Free calcium and phosphate in the media), the increased 

release of calcium ions from ACP-Glu may benefit cell viability. Calcium ions play a crucial 

role in cell signaling, and their presence in the culture medium can enhance various cellular 

functions, including proliferation and survival (158). A low glutamate environment negatively 

influences the proliferation here. This can further impact the function, such as mineralization. 

Together with the metabolomics analysis from 3.3.2, the enhanced energy metabolism 

stimulated by glutamate could be why cells had higher activity.  

 

Figure 52 Cell proliferation of MC3T3-E1 cultured after 24 hours. (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) 

4.2.1.2 Assessment of cytotoxicity by LDH cell viability assay 

Testing the cytotoxicity of materials is the basis for evaluating materials in vitro cell 

experiments. The LDH assay measures the release of LDH, an enzyme released when cell 

membranes are damaged. The MC3T3-E1 cell line cultured on all groups was tested at 3 
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different time points; no significant difference was noticed between the groups in the released 

LDH level (cytotoxicity test shown in Figure 53). The lack of differences in LDH release over 

time indicated that the cell membranes remained relatively intact and that cells maintained their 

structural integrity and health during the experiment. Although a cell viability difference is 

noticed on the proliferation side, all the groups showed no cytotoxicity. Focusing on ACP-Glu 

biomaterial, this result also verified that the release of glutamate did not cause damage to cell 

structure and lead to cell death. This requires no verification, but there have been many in-

depth reports on the cytotoxicity induced by excessive supply of amino acids (159).  

 

Figure 53 Released LDH level of all groups after culturing for 24, 72, and 120 hours. As a representative of the value that 
will increase with cytotoxicity, no significant difference among the groups was found in the LDH release amount. 

4.2.2 Intracellular and extracellular calcium and phosphate level evaluation 

Intracellular and extracellular calcium and phosphate levels were detected with the conditioned 

media and within cells after 10 days of incubation. The mineralization process of osteoblasts 

under the influence of biomaterials is relatively complex, and a long period after the 

differentiation can provide more valuable comparative information. The calcium and 

phosphate released from the materials and the intake into the cells could be compared to 

evaluate the calcium deposition and matrix mineralization ability. 

4.2.2.1 Free calcium and phosphate in the media 

Both ACP and ACP-Glu showed enhanced calcium ion release properties even in the presence 

of interference from pre-existing calcium ions in the culture medium. This suggests that the 

amorphous crystals dissolve faster compared to cold-sintered hydroxyapatite. Osteoblasts near 

the material can uptake these calcium ions from the media, which can then be used for bone 

mineralization and other cellular processes (160). In tissue engineering and regenerative 
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medicine, the goal is often to create biomaterials that mimic the natural bone microenvironment 

as closely as possible. Therefore, calcium phosphate materials are designed to facilitate the 

interaction of osteoblasts with both the material surface and the released calcium ions, 

providing a suitable environment for bone tissue formation and mineralization. The ability of 

osteoblasts to access calcium from these sources is crucial for the success of such materials in 

promoting bone regeneration. Amorphous calcium phosphate has higher solubility compared 

to HAp (44). This means ACP 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 makes the difference in the solubility 

of ACP under different environments (temperature, pH) more prominent.  

To evaluate the potential of ACP-Glu as a biomaterial for bone tissue engineering, a series of 

in vitro experiments was conducted on ACP-Glu, ACP, and cold-sintered HAp, with a blank 

cell culture plate serving as a baseline reference rather than a direct comparison group. Given 

that the control group lacks calcium phosphate materials, its role is limited to observing 

baseline cellular metabolism without significant calcium or phosphate exchange, as cellular 

responses in the absence of calcium phosphate differ fundamentally from those in its presence. 

Notably, the calcium released from ACP-Glu is also higher than from ACP, 1.6 times on day 

10 and 2 times on day 14. Glutamate, an amino acid, can have a complex effect on calcium 

ions. Studies have shown that amino acids have higher solubility in the presence of calcium 

ions (161,162). Being part of a solute, their interactions are predictable, which may increase 

the solubility of the ACP (163). Glutamate can form soluble complexes with calcium, making 

it easier for the ACP-Glu to release calcium ions into the surrounding media. On the other hand, 

consider the other part of the material, phosphate; glutamate can also be complexed with 

phosphate ions, potentially reducing their availability to interact with calcium ions within the 

ACP-Glu structure (164). This could further promote the release of calcium from ACP-Glu. 

As mentioned earlier, glutamate can form a complex with calcium ions, potentially increasing 

their release (Figure 54). However, this complexation effect cannot extend to phosphate ions 

to the same extent. The chemical interactions between glutamate and these ions can differ, 

resulting in a more pronounced effect on calcium release than phosphate. At the same time, it 

is essential to note that the released calcium and phosphate are tested from the media cultured 

with cells. Moreover, this incubation has continued for 10 days, and the osteoblast-like cell 

lines could have various behaviors towards the free ions in the media and the material matrix 
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itself, such as dynamically simultaneous uptake and release of calcium ions. This biological 

process can affect the interaction of the material with the surrounding media, increasing the 

volume of the mineralized layer or increasing or decreasing the calcium ion level in the 

microenvironment (culture medium). These surface modifications or mineralization caused by 

cells would have different effects on calcium and phosphate levels in the collected media.  

 

Figure 54 Calcium and phosphate in the media on day 10 and day 14. (*P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001) 

4.2.2.2 Intracellular calcium and phosphate levels  

Intracellular calcium and phosphate levels were measured after 14 days of cell culture (shown 

in Figure 55 by the form of OD level from absorbance plate reading). ACP-Glu, as the source 

of calcium, provided 1.4 times higher cell calcium levels than ACP. Unlike calcium, the 

phosphate in cells showed no significant differences between all three groups. With the free 

ion in the culture media, ACP-Glu can provide a high calcium environment and facilitate 

calcium intake. Glutamate, present in ACP-Glu, could play a role in influencing calcium 

metabolism. It can affect calcium signaling and cellular responses, potentially enhancing cell 

calcium uptake (165). In non-neuronal cells, including bone cells, glutamate can influence 

intracellular calcium signaling pathways. Activation of glutamate receptors can lead to calcium 

release from intracellular stores, such as the endoplasmic reticulum, and initiate a range of 

cellular responses (166). Notably, the data is from only one time point, which is already after 

14 days of culture. There 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. 
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Figure 55 Intracellular calcium and phosphate levels of MC3T3-E1 cells cultured on ACP, ACP-Glu, and HAp. Cells were 
collected on day 14. (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) 

4.2.3 Osteogenesis evaluation 

4.2.3.1 ALP activity 

ALP level is tested from the conditioned media. ALP is essential for the mineralization of the 

extracellular matrix in bone tissue. As pre-osteoblast cells mature into osteoblasts, they become 

responsible for synthesizing the bone matrix, which includes collagen and other proteins. ALP 

helps initiate and promote the mineralization of this matrix by dephosphorylating compounds 

like inorganic pyrophosphate, which inhibits mineralization. The ALP level, sown in Figure 56 

by ford changes, at the initial point is similar, with no p-value lower than 0.05 (Two-way 

ANOVA). The ALP level of ACP-Glu showed a significantly higher level at later points. As 

an osteogenic marker, ALP indicates the initial osteoblast differentiation, and the osteogenesis 

activity progresses. However, the ALP level tested in this study is from the culture media, 

which is not directly from the ALP in cells. Compared with the detection of intracellular content, 

there is an inevitable delay in this marker. The results supported that the ACP-Glu ceramic 

tablet triggered better osteogenic differentiation than the control, ACP, and HAp. 
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Figure 56 Extracellular ALP activity of MC3T3-E1 cultured on cold sintered CaPs on days 3, 7, and 14. (*P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001) 

ALP plays a role in regulating phosphate levels in the body, particularly during bone 

mineralization. Dephosphorylating phosphate-containing compounds help control the balance 

of minerals necessary for bone formation.  

4.2.3.2 Evaluation of the released OPN and OCN levels 

Detecting OPN (osteopontin) and OCN (osteocalcin) levels in cell experiments helps evaluate 

osteogenic differentiation and bone matrix formation, which are crucial for assessing 

biomaterial performance in bone tissue engineering. To get better contrast change, the 

assessment of OPN and OCN involved measuring their released levels in the culture media on 

both day 7 and day 14 to ensure the pre-osteoblast differentiation, as they are later markers in 

the pre-osteoblast cell line in vitro model. The ACP-Glu group exhibited a significantly higher 

level of OPN at both time points. OPN is an intrinsically disordered protein featuring a notable 

negative charge, with approximately 25% of the protein's composition comprising aspartate or 

glutamate residues (167). As the supplier of one of the significant compositions of this protein, 

ACP-Glu may contribute to the manufacturing of OPN as well. 

The OCN level on day 7 showed a similar result. OCN is a marker of mature osteoblasts 

involved in bone matrix production (Figure 57). The similar OCN levels on day 7 may indicate 

that the cells in all groups are at a relatively early stage of osteoblast differentiation. The 

influence of the presence/lack of glutamate showed up on day 14. This indicated that the cells 
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in the ACP-Glu group had progressed further in their differentiation and maturity. Glutamate 

in the ACP-Glu group may have influenced osteoblast activity and differentiation. 

 

  

Figure 57 Released (extracellular) OPN and OCN levels in culture media. (*P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001) 

4.2.4 Mineralization evaluation of ACP and ACP-Glu 

In order to compare the mineralization capacity of ACP-Glu and ACP, Alizarin Red staining 

was applied to cultured MC3T3-E1 cells. The findings revealed distinct patterns among the 

experimental groups in the context of Alizarin Red staining to assess mineralization. As shown 

in Figure 58, after 21 days of culture, ACP-Glu groups presented a better mineralization result. 

From the macroscale image, the upper groups (ACP-Glu) presented more intense red on the 

well-plate surfaces. An optical microscope was used to observe the magnified stained parts; 

larger mineralized deposits were detected in the ACP-Glu groups (red-stained parts). Although 

the material that penetrated the filter itself may have a certain impact on the accuracy of the 

experiment, the results were still significant. Not only calcium but also glutamate released from 

the materials benefit the osteogenesis process of osteoblasts. The lack of glutamate can limit 

the mineralization progress of osteoblasts, and the presence of glutamate-containing material 

could enhance the primary responsibilities of osteoblasts: forming a new ossification structure. 

This result further demonstrated the superiority of ACP-Glu in terms of osteogenic induction. 
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Figure 58 Alizarin Red staining (A) Illustration of indirect cell culture with materials. (B) The overall view of Alizarin Red 
staining captured by a camera and the microscope. ACP-Glu is up and ACP is down in the figure. Scale bar = 30µm. 

5 Conclusions 

1. Critical-size bone defects lead to significant metabolic fluctuations, notably depleting 

nutritional metabolites and reducing glutamine and glutamate.  

2. Calcium phosphates (CaPs) adsorb low molecular metabolites, particularly amino acids, 

and influence cellular amino acid and energy metabolism pathways.  

3. Anaerobic metabolism increases when cells come into contact with CAPs, especially 

on day 1. 

4. 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.  

5. 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. 

6. ACP-Glu changes energy metabolism, particularly enhancing the tricarboxylic acid 

cycle post-gluconeogenesis. Exposure to ACP-Glu resulted in 8 times higher 

intracellular citric acid level than other investigated CAPs.   

 

 

 

 

6 References 

1. LANGER R, P. VACANTI J. Tissue Engineering. Science (80- ). 1993;260(5110):920–6.  

2. Kwon SG, Kwon YW, Lee TW, Park GT, Kim JH. Recent advances in stem cell therapeutics 

Material 

Cell ACP 

ACP-Glu 

A B 



109 
 

and tissue engineering strategies. Biomater Res. 2018;22(1):1–8.  

3. Koons GL, Diba M, Mikos AG. Materials design for bone-tissue engineering. Nat Rev Mater 
[Internet]. 2020;5(8):584–603. Available from: http://dx.doi.org/10.1038/s41578-020-0204-2 

4. Curvello R, Kast V, Ordóñez-Morán P, Mata A, Loessner D. Biomaterial-based platforms for 
tumour tissue engineering. Nat Rev Mater. 2023;(April).  

5. Fan J, Abedi-Dorcheh K, Vaziri AS, Kazemi-Aghdam F, Rafieyan S, Sohrabinejad M, et al. A 
Review of Recent Advances in Natural Polymer-Based Scaffolds for Musculoskeletal Tissue 
Engineering. Polymers (Basel). 2022;14(10).  

6. Da Silva AC. Structure and percolation of bioglasses. Vol. 53, Advanced Structured Materials. 
2016. 49–84 p.  

7. Sarkar A. Biosensing, Characterization of Biosensors, and Improved Drug Delivery Approaches 
Using Atomic Force Microscopy: A Review. Front Nanotechnol. 2022;3(January):1–19.  

8. Wei F, Liu S, Chen M, Tian G, Zha K, Yang Z, et al. Host Response to Biomaterials for Cartilage 
Tissue Engineering: Key to Remodeling. Front Bioeng Biotechnol. 2021;9(May):1–19.  

9. Zheng X, Zhang P, Fu Z, Meng S, Dai L, Yang H. Applications of nanomaterials in tissue 
engineering. RSC Adv. 2021;11(31):19041–58.  

10. Armiento AR, Hatt LP, Sanchez Rosenberg G, Thompson K, Stoddart MJ. Functional 
Biomaterials for Bone Regeneration: A Lesson in Complex Biology. Adv Funct Mater. 
2020;30(44):1–41.  

11. Dorozhkin S V. A detailed history of calcium orthophosphates from 1770s till 1950. Mater Sci 
Eng C [Internet]. 2013;33(6):3085–110. Available from: 
http://dx.doi.org/10.1016/j.msec.2013.04.002 

12. Misch CM. Autogenous bone: Is it still the gold standard? Implant Dent. 2010;19(5):361.  

13. Giannoudis P V., Dinopoulos H, Tsiridis E. Bone substitutes: an update. Injury. 2005;36 Suppl 
3:20–7.  

14. Fernandez de Grado G, Keller L, Idoux-Gillet Y, Wagner Q, Musset AM, Benkirane-Jessel N, 
et al. Bone substitutes: a review of their characteristics, clinical use, and perspectives for large 
bone defects management. J Tissue Eng. 2018;9.  

15. Wang W, Yeung KWK. Bone grafts and biomaterials substitutes for bone defect repair: A review. 
Bioact Mater [Internet]. 2017;2(4):224–47. Available from: 
https://doi.org/10.1016/j.bioactmat.2017.05.007 

16. Wang S, Liu L, Li K, Zhu L, Chen J, Hao Y. Pore functionally graded Ti6Al4V scaffolds for 
bone tissue engineering application. Mater Des [Internet]. 2019;168:107643. Available from: 
https://doi.org/10.1016/j.matdes.2019.107643 

17. Jodati H, Yılmaz B, Evis Z. A review of bioceramic porous scaffolds for hard tissue applications: 
Effects of structural features. Ceram Int. 2020;46(10):15725–39.  

18. Garcia-Gonzalez D, Rusinek A, Bendarma A, Bernier R, Klosak M, Bahi S. Material and 
structural behaviour of PMMA from low temperatures to over the glass transition: Quasi-static 
and dynamic loading. Polym Test [Internet]. 2020;81(October 2019):106263. Available from: 
https://doi.org/10.1016/j.polymertesting.2019.106263 

19. Yousefi AM. A review of calcium phosphate cements and acrylic bone cements as injectable 
materials for bone repair and implant fixation. J Appl Biomater Funct Mater. 2019;17(4).  

20. Fan W, Fu D, Zhang L, Xiao Z, Shen X, Chen J, et al. Enoxaparin sodium bone cement plays 



110 
 

an anti-inflammatory immunomodulatory role by inducing the polarization of M2 macrophages. 
J Orthop Surg Res [Internet]. 2023;18(1):1–15. Available from: https://doi.org/10.1186/s13018-
023-03865-8 

21. Hanstein T. A Literature Review of the Clinical Evidence Situation of Bone Cements. 
2018;7(March):31–6.  

22. Zhao C, Liu W, Zhu M, Wu C, Zhu Y. Bioceramic-based scaffolds with antibacterial function 
for bone tissue engineering: A review. Bioact Mater [Internet]. 2022;18(December 2021):383–
98. Available from: https://doi.org/10.1016/j.bioactmat.2022.02.010 

23. Kumar R, Mohanty S. Hydroxyapatite: A Versatile Bioceramic for Tissue Engineering 
Application. J Inorg Organomet Polym Mater. 2022;32(12):4461–77.  

24. Heise U, Osborn JF, Duwe F. Hydroxyapatite ceramic as a bone substitute. Int Orthop. 
1990;14(3):329–38.  

25. Sun W, Fan J, Wang S, Kang Y, Du J, Peng X. Biodegradable Drug-Loaded Hydroxyapatite 
Nanotherapeutic Agent for Targeted Drug Release in Tumors. ACS Appl Mater Interfaces. 
2018;10(9):7832–40.  

26. Mo X, Zhang D, Liu K, Zhao X, Li X, Wang W. Nano-Hydroxyapatite Composite Scaffolds 
Loaded with Bioactive Factors and Drugs for Bone Tissue Engineering. Int J Mol Sci. 
2023;24(2).  

27. Qian G, Xiong L, Ye Q. Hydroxyapatite-based carriers for tumor targeting therapy. RSC Adv. 
2023;13(24):16512–28.  

28. Harun WSW, Asri RIM, Alias J, Zulkifli FH, Kadirgama K, Ghani SAC, et al. A comprehensive 
review of hydroxyapatite-based coatings adhesion on metallic biomaterials. Ceram Int. 
2018;44(2):1250–68.  

29. Jaafar A, Hecker C, Árki P, Joseph Y. Sol-gel derived hydroxyapatite coatings for titanium 
implants: A review. Bioengineering. 2020;7(4):1–23.  

30. Jiang J, Han G, Zheng X, Chen G, Zhu P. Characterization and biocompatibility study of 
hydroxyapatite coating on the surface of titanium alloy. Surf Coatings Technol [Internet]. 
2019;375(July):645–51. Available from: https://doi.org/10.1016/j.surfcoat.2019.07.067 

31. Šupová M. Substituted hydroxyapatites for biomedical applications: A review. Ceram Int. 
2015;41(8):9203–31.  

32. Collins MN, Ren G, Young K, Pina S, Reis RL, Oliveira JM. Scaffold Fabrication Technologies 
and Structure/Function Properties in Bone Tissue Engineering. Adv Funct Mater. 2021;31(21).  

33. Jeong J, Kim JH, Shim JH, Hwang NS, Heo CY. Bioactive calcium phosphate materials and 
applications in bone regeneration. Biomater Res. 2019;23(1):1–11.  

34. Ali A, Bano S, Poojary S, Chaudhary A, Kumar D, Negi YS. Effect of cellulose nanocrystals on 
chitosan/PVA/nano β-TCP composite scaffold for bone tissue engineering application. J 
Biomater Sci Polym Ed [Internet]. 2022;33(1):1–19. Available from: 
https://doi.org/10.1080/09205063.2021.1973709 

35. Shirakata Y, Setoguchi F, Sena K, Nakamura T, Imafuji T, Shinohara Y, et al. Comparison of 
periodontal wound healing/regeneration by recombinant human fibroblast growth factor-2 
combined with β-tricalcium phosphate, carbonate apatite, or deproteinized bovine bone mineral 
in a canine one-wall intra-bony defect model. J Clin Periodontol. 2022;49(6):599–608.  

36. Mohammed AHM, Shariff KA, Abu Bakar MH, Mohamad H. Recent methods in fabricating 
porous β-tricalcium phosphate scaffolds: A mini review. Mater Today Proc [Internet]. 
2022;66:2702–4. Available from: https://doi.org/10.1016/j.matpr.2022.06.498 



111 
 

37. Vecstaudza J, Gasik M, Locs J. Amorphous calcium phosphate materials: Formation, structure 
and thermal behaviour. J Eur Ceram Soc [Internet]. 2019;39(4):1642–9. Available from: 
https://doi.org/10.1016/j.jeurceramsoc.2018.11.003 

38. Lotsari A, Rajasekharan AK, Halvarsson M, Andersson M. Transformation of amorphous 
calcium phosphate to bone-like apatite. Nat Commun [Internet]. 2018;9(1). Available from: 
http://dx.doi.org/10.1038/s41467-018-06570-x 

39. Ito T, Otsuka M. Application of calcium phosphate as a controlled-release device. Biol Pharm 
Bull. 2013;36(11):1676–82.  

40. Dorozhkin S V. Amorphous calcium (ortho)phosphates. Acta Biomater [Internet]. 
2010;6(12):4457–75. Available from: http://dx.doi.org/10.1016/j.actbio.2010.06.031 

41. KOJIMA Y, SAKAMA K, TOYAMA T, YASUE T, ARAI Y. Dehydration of Water Molecule 
in Amorphous Calcium Phosphate. Phosphorus Res Bull. 1994;4(0):47–52.  

42. Edén M. Structure and formation of amorphous calcium phosphate and its role as surface layer 
of nanocrystalline apatite: Implications for bone mineralization. Materialia [Internet]. 
2021;17(April):101107. Available from: https://doi.org/10.1016/j.mtla.2021.101107 

43. Shahrezaee M, Raz M, Shishehbor S, Moztarzadeh F, Baghbani F, Sadeghi A, et al. Synthesis 
of Magnesium Doped Amorphous Calcium Phosphate as a Bioceramic for Biomedical 
Application: In Vitro Study. Silicon. 2018;10(3):1171–9.  

44. Luginina M, Orru R, Cao G, Luginina M, Grossin D, Brouillet F, et al. First successful 
stabilization of consolidated amorphous calcium phosphate (ACP) by cold sintering: Toward 
highly-resorbable reactive bioceramics. J Mater Chem B. 2020;8(4):629–35.  

45. Chen Y, Gu W, Pan H, Jiang S, Tang R. Stabilizing amorphous calcium phosphate phase by 
citrate adsorption. CrystEngComm. 2014;16(10):1864–7.  

46. Zhao J, Liu Y, Sun W Bin, Yang X. First detection, characterization, and application of 
amorphous calcium phosphate in dentistry. J Dent Sci [Internet]. 2012;7(4):316–23. Available 
from: http://dx.doi.org/10.1016/j.jds.2012.09.001 

47. Furkó M, Balázsi K, Balázsi C. Comparative study on preparation and characterization of 
bioactive coatings for biomedical applications - A review on recent patents and literature. Rev 
Adv Mater Sci. 2017;48(1):25–51.  

48. Combes C, Rey C. Amorphous calcium phosphates: Synthesis, properties and uses in 
biomaterials. Acta Biomater [Internet]. 2010;6(9):3362–78. Available from: 
http://dx.doi.org/10.1016/j.actbio.2010.02.017 

49. Ma Z, Chen F, Zhu YJ, Cui T, Liu XY. Amorphous calcium phosphate/poly(D,L-lactic acid) 
composite nanofibers: Electrospinning preparation and biomineralization. J Colloid Interface 
Sci [Internet]. 2011;359(2):371–9. Available from: http://dx.doi.org/10.1016/j.jcis.2011.04.023 

50. Chahal AS, Schweikle M, Lian AM, Reseland JE, Haugen HJ, Tiainen H. Osteogenic potential 
of poly(ethylene glycol)-amorphous calcium phosphate composites on human mesenchymal 
stem cells. J Tissue Eng. 2020;11.  

51. Liao H, Yu HP, Song W, Zhang G, Lu B, Zhu YJ, et al. Amorphous calcium phosphate 
nanoparticles using adenosine triphosphate as an organic phosphorus source for promoting 
tendon–bone healing. J Nanobiotechnology [Internet]. 2021;19(1):1–17. Available from: 
https://doi.org/10.1186/s12951-021-01007-y 

52. Vakifahmetoglu C, Karacasulu L. Cold sintering of ceramics and glasses: A review. Curr Opin 
Solid State Mater Sci. 2020;24(1).  

53. Galotta A, Sglavo VM. The cold sintering process: A review on processing features, 



112 
 

densification mechanisms and perspectives. J Eur Ceram Soc [Internet]. 2021;41(16):1–17. 
Available from: https://doi.org/10.1016/j.jeurceramsoc.2021.09.024 

54. Hong W Bin, Li L, Cao M, Chen XM. Plastic deformation and effects of water in room-
temperature cold sintering of NaCl microwave dielectric ceramics. J Am Ceram Soc. 
2018;101(9):4038–43.  

55. Guo N, Shen HZ, Shen P. One-step synthesis and densification of BaTiO3 by reactive cold 
sintering. Scr Mater [Internet]. 2022;213(January):114628. Available from: 
https://doi.org/10.1016/j.scriptamat.2022.114628 

56. Rubenis K, Zemjane S, Vecstaudza J, Bitenieks J, Locs J. Densification of amorphous calcium 
phosphate using principles of the cold sintering process. J Eur Ceram Soc [Internet]. 
2021;41(1):912–9. Available from: https://doi.org/10.1016/j.jeurceramsoc.2020.08.074 

57. Rubenis K, Zemjane S, Vecstaudza J, Lazdovica K, Bitenieks J, Wiecinski P, et al. Sintering of 
amorphous calcium phosphate to near-full density by uniaxial compaction at room temperature. 
J Eur Ceram Soc [Internet]. 2022;42(13):6199–205. Available from: 
https://doi.org/10.1016/j.jeurceramsoc.2022.06.041 

58. Thomas M V., Puleo DA. Calcium sulfate: Properties and clinical applications. J Biomed Mater 
Res - Part B Appl Biomater. 2009;88(2):597–610.  

59. Aguiar H, Chiussi S, López-Álvarez M, González P, Serra J. Structural characterization of 
bioceramics and mineralized tissues based on Raman and XRD techniques. Ceram Int [Internet]. 
2018;44(1):495–504. Available from: https://doi.org/10.1016/j.ceramint.2017.09.203 

60. Suga M, Asahina S, Sakuda Y, Kazumori H, Nishiyama H, Nokuo T, et al. Recent progress in 
scanning electron microscopy for the characterization of fine structural details of nano materials. 
Prog Solid State Chem [Internet]. 2014;42(1–2):1–21. Available from: 
http://dx.doi.org/10.1016/j.progsolidstchem.2014.02.001 

61. Zou G, She J, Peng S, Yin Q, Liu H, Che Y. Two-dimensional SEM image-based analysis of 
coal porosity and its pore structure. Int J Coal Sci Technol [Internet]. 2020;7(2):350–61. 
Available from: https://doi.org/10.1007/s40789-020-00301-8 

62. Kalaskar DM, Demoustier-Champagne S, Dupont-Gillain CC. Interaction of preosteoblasts with 
surface-immobilized collagen-based nanotubes. Colloids Surfaces B Biointerfaces [Internet]. 
2013;111:134–41. Available from: http://dx.doi.org/10.1016/j.colsurfb.2013.05.035 

63. Thiberge S, Nechushtan A, Sprinzak D, Gileadi O, Behar V, Zik O, et al. Scanning electron 
microscopy of cells and tissues under fully hydrated conditions. Proc Natl Acad Sci U S A. 
2004;101(10):3346–51.  

64. Sayed E, Haj-Ahmad R, Ruparelia K, Arshad MS, Chang MW, Ahmad Z. Porous Inorganic 
Drug Delivery Systems—a Review. AAPS PharmSciTech. 2017;18(5):1507–25.  

65. Hernandez JL, Woodrow KA. Medical Applications of Porous Biomaterials: Features of 
Porosity and Tissue-Specific Implications for Biocompatibility. Adv Healthc Mater. 
2022;11(9):1–25.  

66. Karageorgiou V, Kaplan D. Porosity of 3D biomaterial scaffolds and osteogenesis. Biomaterials. 
2005;26(27):5474–91.  

67. Yao X, Peng R, Ding J. Cell-material interactions revealed via material techniques of surface 
patterning. Adv Mater. 2013;25(37):5257–86.  

68. Bodhak S, Bose S, Bandyopadhyay A. Electrically polarized HAp-coated Ti: In vitro bone cell-
material interactions. Acta Biomater [Internet]. 2010;6(2):641–51. Available from: 
http://dx.doi.org/10.1016/j.actbio.2009.08.008 



113 
 

69. Abaricia JO, Farzad N, Heath TJ, Simmons J, Morandini L, Olivares-Navarrete R. Control of 
innate immune response by biomaterial surface topography, energy, and stiffness. Acta 
Biomater. 2021;133:58–73.  

70. Zhou K, Li Y, Zhang L, Jin L, Yuan F, Tan J, et al. Nano-micrometer surface roughness 
gradients reveal topographical influences on differentiating responses of vascular cells on 
biodegradable magnesium. Bioact Mater [Internet]. 2021;6(1):262–72. Available from: 
https://doi.org/10.1016/j.bioactmat.2020.08.004 

71. Batool F, Özçelik H, Stutz C, Gegout PY, Benkirane-Jessel N, Petit C, et al. Modulation of 
immune-inflammatory responses through surface modifications of biomaterials to promote bone 
healing and regeneration. J Tissue Eng. 2021;12.  

72. Abaricia JO, Shah AH, Chaubal M, Hotchkiss KM, Olivares-Navarrete R. Wnt signaling 
modulates macrophage polarization and is regulated by biomaterial surface properties. 
Biomaterials. 2020;243.  

73. Martin KE, García AJ. Macrophage phenotypes in tissue repair and the foreign body response: 
Implications for biomaterial-based regenerative medicine strategies. Acta Biomater [Internet]. 
2021;133(xxxx):4–16. Available from: https://doi.org/10.1016/j.actbio.2021.03.038 

74. González-García C, Cantini M, Ballester-Beltrán J, Altankov G, Salmerón-Sánchez M. The 
strength of the protein-material interaction determines cell fate. Acta Biomater. 2018;77:74–84.  

75. Othman Z, Cillero Pastor B, van Rijt S, Habibovic P. Understanding interactions between 
biomaterials and biological systems using proteomics. Biomaterials [Internet]. 2018;167:191–
204. Available from: https://doi.org/10.1016/j.biomaterials.2018.03.020 

76. Nonoyama T, Kinoshita T, Higuchi M, Nagata K, Tanaka M, Kamada M, et al. Arrangement 
techniques of proteins and cells using amorphous calcium phosphate nanofiber scaffolds. Appl 
Surf Sci [Internet]. 2012;262:8–12. Available from: 
http://dx.doi.org/10.1016/j.apsusc.2011.12.009 

77. Rahmany MB, Van Dyke M. Biomimetic approaches to modulate cellular adhesion in 
biomaterials: A review. Acta Biomater [Internet]. 2013;9(3):5431–7. Available from: 
http://dx.doi.org/10.1016/j.actbio.2012.11.019 

78. Li H, Liu M, Wang X, Wang H, Mo X, Wu J. Nanofiber Configuration of Electrospun Scaffolds 
Dictating Cell Behaviors and Cell-scaffold Interactions. Chem Res Chinese Univ. 
2021;37(3):456–63.  

79. Mao Z, Yu S, Ren T, Gao C. Gradient biomaterials and their impact on cell migration. Polym 
Biomater Tissue Regen From Surface/Interface Des to 3D Constr. 2016;(March):151–85.  

80. Battiston KG, Cheung JWC, Jain D, Santerre JP. Biomaterials in co-culture systems: Towards 
optimizing tissue integration and cell signaling within scaffolds. Biomaterials [Internet]. 
2014;35(15):4465–76. Available from: http://dx.doi.org/10.1016/j.biomaterials.2014.02.023 

81. Albrektsson T, Johansson C. Osteoinduction, osteoconduction and osseointegration. Eur Spine 
J. 2001;10:S96–101.  

82. Fan J, Jahed V, Klavins K. Metabolomics in bone research. Metabolites. 2021;11(7).  

83. Grankvist N, Watrous JD, Lagerborg KA, Lyutvinskiy Y, Jain M, Nilsson R. Profiling the 
Metabolism of Human Cells by Deep 13C Labeling. Cell Chem Biol. 2018;25(11):1419-1427.e4.  

84. Duda GN, Geissler S, Checa S, Tsitsilonis S, Petersen A, Schmidt-Bleek K. The decisive early 
phase of bone regeneration. Nat Rev Rheumatol. 2023;19(2):78–95.  

85. Einhorn TA, Gerstenfeld LC. Fracture healing: Mechanisms and interventions. Nat Rev 
Rheumatol [Internet]. 2015;11(1):45–54. Available from: 



114 
 

http://dx.doi.org/10.1038/nrrheum.2014.164 

86. Ponzetti M, Rucci N. Osteoblast differentiation and signaling: Established concepts and 
emerging topics. Int J Mol Sci. 2021;22(13).  

87. Casado-Díaz A, Ferreiro-Vera C, Priego-Capote F, Dorado G, Luque-De-Castro MD, Quesada-
Gómez JM. Effects of arachidonic acid on the concentration of hydroxyeicosatetraenoic acids 
in culture media of mesenchymal stromal cells differentiating into adipocytes or osteoblasts. 
Genes Nutr. 2014;9(1).  

88. Chen G, Deng C, Li YP. TGF-β and BMP signaling in osteoblast differentiation and bone 
formation. Int J Biol Sci. 2012;8(2):272–88.  

89. Zheng C, Wang J, Liu Y, Yu Q, Liu Y, Deng N, et al. Functional selenium nanoparticles 
enhanced stem cell osteoblastic differentiation through BMP signaling pathways. Adv Funct 
Mater. 2014;24(43):6872–83.  

90. Altmann B, Steinberg T, Giselbrecht S, Gottwald E, Tomakidi P, Bächle-Haas M, et al. 
Promotion of osteoblast differentiation in 3D biomaterial micro-chip arrays comprising 
fibronectin-coated poly(methyl methacrylate) polycarbonate. Biomaterials [Internet]. 
2011;32(34):8947–56. Available from: http://dx.doi.org/10.1016/j.biomaterials.2011.08.023 

91. Chen K, Jiao Y, Liu L, Huang M, He C, He W, et al. Communications Between Bone Marrow 
Macrophages and Bone Cells in Bone Remodeling. Front Cell Dev Biol. 2020;8(December):1–
15.  

92. Robling AG, Bonewald LF. The Osteocyte: New Insights. Annu Rev Physiol. 2020;82(5):485–
506.  

93. Matsuzaka T, Matsugaki A, Nakano T. Control of osteoblast arrangement by osteocyte 
mechanoresponse through prostaglandin E2 signaling under oscillatory fluid flow stimuli. 
Biomaterials [Internet]. 2021;279(October):121203. Available from: 
https://doi.org/10.1016/j.biomaterials.2021.121203 

94. Bernhardt A, Skottke J, von Witzleben M, Gelinsky M. Triple culture of primary human 
osteoblasts, osteoclasts and osteocytes as an in vitro bone model. Int J Mol Sci. 2021;22(14).  

95. Shah FA, Thomsen P, Palmquist A. A Review of the Impact of Implant Biomaterials on 
Osteocytes. J Dent Res. 2018;97(9):977–86.  

96. Qin L, Liu W, Cao H, Xiao G. Molecular mechanosensors in osteocytes. Bone Res [Internet]. 
2020;8(1):1–24. Available from: http://dx.doi.org/10.1038/s41413-020-0099-y 

97. Tatsumi S, Ishii K, Amizuka N, Li M, Kobayashi T, Kohno K, et al. Targeted Ablation of 
Osteocytes Induces Osteoporosis with Defective Mechanotransduction. Cell Metab. 
2007;5(6):464–75.  

98. Thompson WR, Rubin CT, Rubin J. Mechanical regulation of signaling pathways in bone. Gene 
[Internet]. 2012;503(2):179–93. Available from: http://dx.doi.org/10.1016/j.gene.2012.04.076 

99. Verbruggen SW, Vaughan TJ, McNamara LM. Mechanisms of osteocyte stimulation in 
osteoporosis. J Mech Behav Biomed Mater [Internet]. 2016;62:158–68. Available from: 
http://dx.doi.org/10.1016/j.jmbbm.2016.05.004 

100. Aw Yong KM, Horst E, Neale D, Royzenblat S, Lahann J, Greineder C, et al. A Bioreactor for 
3D In Vitro Modeling of the Mechanical Stimulation of Osteocytes. Front Bioeng Biotechnol. 
2022;10(March):1–11.  

101. Bolamperti S, Villa I, Rubinacci A. Bone remodeling: an operational process ensuring survival 
and bone mechanical competence. Bone Res. 2022;10(1).  



115 
 

102. Soysa NS, Alles N. Osteoclast function and bone-resorbing activity: An overview. Biochem 
Biophys Res Commun [Internet]. 2016;476(3):115–20. Available from: 
http://dx.doi.org/10.1016/j.bbrc.2016.05.019 

103. Duque G, Troen BR. Understanding the mechanisms of senile osteoporosis: New facts for a 
major geriatric syndrome. J Am Geriatr Soc. 2008;56(5):935–41.  

104. McDonald MM, Khoo WH, Ng PY, Xiao Y, Zamerli J, Thatcher P, et al. Osteoclasts recycle via 
osteomorphs during RANKL-stimulated bone resorption. Cell. 2021;184(5):1330-1347.e13.  

105. Fomby P, Cherlin AJ, Hadjizadeh A, Doillon CJ, Sueblinvong V, Weiss DJ, et al. Stem cells 
and cell therapies in lung biology and diseases: Conference report. Ann Am Thorac Soc 
[Internet]. 2010;12(3):181–204. Available from: http://dx.doi.org/10.1016/j.trsl.2010.06.007 

106. Sachit T S NM. New bioactive glass scaffolds with exceptional qualities for bone tissue 
regeneration: response of osteoblasts and osteoclasts. Mater Res Express. 2019;0–18.  

107. Xiao L, Ma Y, Crawford R, Mendhi J, Zhang Y, Lu H, et al. The interplay between hemostasis 
and immune response in biomaterial development for osteogenesis. Mater Today [Internet]. 
2022;54(April):202–24. Available from: https://doi.org/10.1016/j.mattod.2022.02.010 

108. Lu LY, Loi F, Nathan K, Lin TH, Pajarinen J, Gibon E, et al. Pro-inflammatory M1 macrophages 
promote Osteogenesis by mesenchymal stem cells via the COX-2-prostaglandin E2 pathway. J 
Orthop Res. 2017;35(11):2378–85.  

109. Maruyama M, Rhee C, Utsunomiya T, Zhang N, Ueno M, Yao Z, et al. Modulation of the 
Inflammatory Response and Bone Healing. Front Endocrinol (Lausanne). 2020;11(June):1–14.  

110. O’Driscoll SWM, Saris DBF, Ito Y, Fitzimmons JS. The chondrogenic potential of periosteum 
decreases with age. J Orthop Res. 2001;19(1):95–103.  

111. Chen Y, Li EM, Xu LY. Guide to Metabolomics Analysis: A Bioinformatics Workflow. 
Metabolites. 2022;12(4).  

112. Theodoridis G, Gika HG, Wilson ID. Mass spectrometry-based holistic analytical approaches 
for metabolite profiling in systems biology studies. Vol. 30, Mass Spectrometry Reviews. 2011. 
p. 884–906.  

113. Chen N, Wang HB, Wu BQ, Jiang JH, Yang JT, Tang LJ, et al. Using random forest to detect 
multiple inherited metabolic diseases simultaneously based on GC-MS urinary metabolomics. 
Talanta [Internet]. 2021;235(July):122720. Available from: 
https://doi.org/10.1016/j.talanta.2021.122720 

114. Kokla M, Virtanen J, Kolehmainen M, Paananen J, Hanhineva K. Random forest-based 
imputation outperforms other methods for imputing LC-MS metabolomics data: A comparative 
study. BMC Bioinformatics. 2019;20(1):1–11.  

115. Armiñán A, Palomino-Schätzlein M, Deladriere C, Arroyo-Crespo JJ, Vicente-Ruiz S, Vicent 
MJ, et al. Metabolomics facilitates the discrimination of the specific anti-cancer effects of free- 
and polymer-conjugated doxorubicin in breast cancer models. Biomaterials. 2018;162:144–53.  

116. McNamara LE, Sjöström T, Burgess KEV, Kim JJW, Liu E, Gordonov S, et al. Skeletal stem 
cell physiology on functionally distinct titania nanotopographies. Biomaterials. 
2011;32(30):7403–10.  

117. Mei J, Xu D, Wang L, Kong L, Liu Q, Li Q, et al. Biofilm Microenvironment-Responsive Self-
Assembly Nanoreactors for All-Stage Biofilm Associated Infection through Bacterial 
Cuproptosis-like Death and Macrophage Re-Rousing. Adv Mater. 2023;35(36).  

118. Zhang A, Sun H, Wang P, Han Y, Wang X. Recent and potential developments of biofluid 
analyses in metabolomics. J Proteomics [Internet]. 2012;75(4):1079–88. Available from: 



116 
 

http://dx.doi.org/10.1016/j.jprot.2011.10.027 

119. Bellissimo MP, Roberts JL, Jones DP, Liu KH, Taibl KR, Uppal K, et al. Metabolomic 
associations with serum bone turnover markers. Nutrients. 2020;12(10):1–14.  

120. Jagtap VR, Ganu J V. Effect of antiresorptive therapy on urinary hydroxyproline in 
postmenopausal osteoporosis. Indian J Clin Biochem. 2012;27(1):90–3.  

121. Xiao HH, Sham TT, Chan CO, Li MH, Chen X, Wu QC, et al. A metabolomics study on the 
bone protective effects of a lignan-rich fraction from Sambucus Williamsii Ramulus in aged rats. 
Front Pharmacol. 2018;9(AUG).  

122. Ibrahim H, Alnachoukati O, Baxter BA, Chapin T, Schroeppel T, Dunn J, et al. Non-Targeted 
Metabolomics Signature in the Plasma and Bone Marrow of Patients with Long Bone Injuries. 
Curr Metabolomics Syst Biol. 2019;7(1):51–66.  

123. Almadi T, Cathers I, Chow CM. Associations among work-related stress, cortisol, inflammation, 
and metabolic syndrome. Psychophysiology. 2013;50(9):821–30.  

124. Jasperson LK, Bucher C, Panoskaltsis-Mortari A, Taylor PA, Mellor AL, Munn DH, et al. 
Indoleamine 2,3-dioxygenase is a critical regulator of acute graft-versus-host disease lethality. 
Blood. 2008;111(6):3257–65.  

125. Roberts JN, Sahoo JK, McNamara LE, Burgess K V., Yang J, Alakpa E V., et al. Dynamic 
Surfaces for the Study of Mesenchymal Stem Cell Growth through Adhesion Regulation. ACS 
Nano. 2016;10(7):6667–79.  

126. Zhu T, Jiang M, Zhang M, Cui L, Yang X, Wang X, et al. Biofunctionalized composite scaffold 
to potentiate osteoconduction, angiogenesis, and favorable metabolic microenvironment for 
osteonecrosis therapy. Bioact Mater [Internet]. 2022;9(March 2021):446–60. Available from: 
https://doi.org/10.1016/j.bioactmat.2021.08.005 

127. Chen J, Ma S, Yang H, Liang X, Yao H, Guo B, et al. Generation and metabolomic 
characterization of functional ductal organoids with biliary tree networks in decellularized liver 
scaffolds. Bioact Mater [Internet]. 2023;26(March):452–64. Available from: 
https://doi.org/10.1016/j.bioactmat.2023.03.012 

128. Li D, Hu X, Zhang S. Biodegradation of graphene-based nanomaterials in blood plasma affects 
their biocompatibility, drug delivery, targeted organs and antitumor ability. Biomaterials 
[Internet]. 2019;202(January):12–25. Available from: 
https://doi.org/10.1016/j.biomaterials.2019.02.020 

129. Barcik J, Ernst M, Buchholz T, Constant C, Mys K, Epari DR, et al. The absence of immediate 
stimulation delays bone healing. Bone [Internet]. 2023;175(April):116834. Available from: 
https://doi.org/10.1016/j.bone.2023.116834 

130. Salma K, Berzina-Cimdina L, Borodajenko N. Calcium phosphate bioceramics prepared from 
wet chemically precipitated powders. Process Appl Ceram. 2010;4(1):45–51.  

131. Izumiya M, Haniu M, Ueda K, Ishida H, Ma C, Ideta H, et al. Evaluation of mc3t3-e1 cell 
osteogenesis in different cell culture media. Int J Mol Sci. 2021;22(14):1–12.  

132. Fan J, Schiemer T, Vaska A, Jahed V, Klavins K. Cell via Cell Viability Assay Changes Cellular 
Metabolic Characteristics by Intervening with Glycolysis and Pentose Phosphate Pathway. 
Chem Res Toxicol [Internet]. 2023 Jan 8;0(0). Available from: 
https://pubs.acs.org/doi/10.1021/acs.chemrestox.3c00339 

133. Pang Z, Zhou G, Ewald J, Chang L, Hacariz O, Basu N, et al. Using MetaboAnalyst 5.0 for LC–
HRMS spectra processing, multi-omics integration and covariate adjustment of global 
metabolomics data. Nat Protoc. 2022;17(8):1735–61.  



117 
 

134. Longo N, Frigeni M, Pasquali M. Carnitine transport and fatty acid oxidation. Biochim Biophys 
Acta - Mol Cell Res [Internet]. 2016;1863(10):2422–35. Available from: 
http://dx.doi.org/10.1016/j.bbamcr.2016.01.023 

135. Keshani M, Alikiaii B, Askari G, Yahyapoor F, Ferns GA, Bagherniya M. The effects of l-
carnitine supplementation on inflammatory factors, oxidative stress, and clinical outcomes in 
patients with sepsis admitted to the intensive care unit (ICU): study protocol for a double blind, 
randomized, placebo-controlled clinical trial. Trials. 2022;23(1):1–10.  

136. Yoo HC, Yu YC, Sung Y, Han JM. Glutamine reliance in cell metabolism. Exp Mol Med 
[Internet]. 2020;52(9):1496–516. Available from: http://dx.doi.org/10.1038/s12276-020-00504-
8 

137. Ishak Gabra MB, Yang Y, Li H, Senapati P, Hanse EA, Lowman XH, et al. Dietary glutamine 
supplementation suppresses epigenetically-activated oncogenic pathways to inhibit melanoma 
tumour growth. Nat Commun [Internet]. 2020;11(1). Available from: 
http://dx.doi.org/10.1038/s41467-020-17181-w 

138. Watford M. Glutamine and glutamate: Nonessential or essential amino acids? Anim Nutr 
[Internet]. 2015;1(3):119–22. Available from: http://dx.doi.org/10.1016/j.aninu.2015.08.008 

139. Yan J, Horng T, Csóka B, Selmeczy Z, Koscsó B, Németh ZH, et al. Mitohormesis 
reprogrammes macrophage metabolism to enforce tolerance. Front Immunol [Internet]. 
2020;5(1):318–32. Available from: http://dx.doi.org/10.1016/j.jallcom.2017.01.038 

140. Pollot BE, Rathbone CR, Wenke JC, Guda T. Natural polymeric hydrogel evaluation for skeletal 
muscle tissue engineering. J Biomed Mater Res - Part B Appl Biomater. 2018;106(2):672–9.  

141. Namgaladze D, Brüne B. Macrophage fatty acid oxidation and its roles in macrophage 
polarization and fatty acid-induced inflammation. Biochim Biophys Acta - Mol Cell Biol Lipids 
[Internet]. 2016;1861(11):1796–807. Available from: 
http://dx.doi.org/10.1016/j.bbalip.2016.09.002 

142. Koda S, Hu J, Ju X, Sun G, Shao S, Tang RX, et al. The role of glutamate receptors in the 
regulation of the tumor microenvironment. Front Immunol. 2023;14(February):1–21.  

143. Brosnan JT. Glutamate, at the interface between amino acid and carbohydrate metabolism. J 
Nutr [Internet]. 2000;130(4 SUPPL.):988S-990S. Available from: 
https://doi.org/10.1093/jn/130.4.988S 

144. Nguyen TT, Hu CC, Sakthivel R, Nabilla SC, Huang YW, Yu J, et al. Preparation of gamma 
poly-glutamic acid/hydroxyapatite/collagen composite as the 3D-printing scaffold for bone 
tissue engineering. Biomater Res [Internet]. 2022;26(1):1–15. Available from: 
https://doi.org/10.1186/s40824-022-00265-7 

145. Park S Bin, Sung MH, Uyama H, Han DK. Poly(glutamic acid): Production, composites, and 
medical applications of the next-generation biopolymer. Prog Polym Sci [Internet]. 
2021;113:101341. Available from: https://doi.org/10.1016/j.progpolymsci.2020.101341 

146. Gibon E, Batke B, Jawad MU, Fritton K, Rao A, Yao Z, et al. MC3T3-E1 osteoprogenitor cells 
systemically migrate to a bone defect and enhance bone healing. Tissue Eng - Part A. 2012;18(9–
10):968–73.  

147. Farriol M, Segovia-Silvestre T, Castellanos JM, Venereo Y, Orta X. Role of putrescine in cell 
proliferation in a colon carcinoma cell line. Nutrition. 2001;17(11–12):934–8.  

148. Lim HK, Rahim AB, Leo VI, Das S, Lim TC, Uemura T, et al. Polyamine Regulator AMD1 
Promotes Cell Migration in Epidermal Wound Healing. J Invest Dermatol [Internet]. 
2018;138(12):2653–65. Available from: https://doi.org/10.1016/j.jid.2018.05.029 



118 
 

149. Paital SR, Dahotre NB. Calcium phosphate coatings for bio-implant applications: Materials, 
performance factors, and methodologies. Mater Sci Eng R Reports. 2009;66(1–3):1–70.  

150. Zuo J, Tang J, Lu M, Zhou Z, Li Y, Tian H, et al. Glycolysis Rate-Limiting Enzymes: Novel 
Potential Regulators of Rheumatoid Arthritis Pathogenesis. Front Immunol. 
2021;12(November):1–17.  

151. Stubbs RT, Yadav M, Krishnamurthy R, Springsteen G. A plausible metal-free ancestral 
analogue of the Krebs cycle composed entirely of α-ketoacids. Nat Chem. 2020;12(11):1016–
22.  

152. Zdzisińska B, Żurek A, Kandefer-Szerszeń M. Alpha-Ketoglutarate as a Molecule with 
Pleiotropic Activity: Well-Known and Novel Possibilities of Therapeutic Use. Arch Immunol 
Ther Exp (Warsz). 2017;65(1):21–36.  

153. Martínez-Reyes I, Chandel NS. Mitochondrial TCA cycle metabolites control physiology and 
disease. Nat Commun [Internet]. 2020;11(1):1–11. Available from: 
http://dx.doi.org/10.1038/s41467-019-13668-3 

154. Hansen GE, Gibson GE. The α-Ketoglutarate Dehydrogenase Complex as a Hub of Plasticity in 
Neurodegeneration and Regeneration. Vol. 23, International journal of molecular sciences. 2022.  

155. Hillen AEJ, Heine VM. Glutamate Carrier Involvement in Mitochondrial Dysfunctioning in the 
Brain White Matter. Front Mol Biosci. 2020;7(July):1–8.  

156. Majumdar R, Barchi B, Turlapati SA, Gagne M. Glutamate , Ornithine , Arginine , Proline , and 
Polyamine Metabolic Interactions : The Pathway Is Regulated at the Post-Transcriptional Level. 
2016;7(February):1–17.  

157. Maus A, Peters GJ. Glutamate and α-ketoglutarate: key players in glioma metabolism. Amino 
Acids. 2017;49(1):21–32.  

158. Qu Y, Sun Y, Yang Z, Ding C. Calcium Ions Signaling: Targets for Attack and Utilization by 
Viruses. Front Microbiol. 2022;13(July).  

159. Lee S, Choi MC, Al Adem K, Lukman S, Kim TY. Aggregation and Cellular Toxicity of 
Pathogenic or Non-pathogenic Proteins. Sci Rep. 2020;10(1):1–14.  

160. Salhotra A, Shah HN, Levi B, Longaker MT. Mechanisms of bone development and repair. Nat 
Rev Mol Cell Biol [Internet]. 2020;21(11):696–711. Available from: 
http://dx.doi.org/10.1038/s41580-020-00279-w 

161. Tang N, Skibsted LH. Calcium binding to amino acids and small glycine peptides in aqueous 
solution: Toward peptide design for better calcium bioavailability. J Agric Food Chem. 
2016;64(21):4376–89.  

162. Aliyeva M, Brandão P, Gomes JRB, Coutinho JAP, Ferreira O, Pinho SP. Solubilities of Amino 
Acids in Aqueous Solutions of Chloride or Nitrate Salts of Divalent (Mg2+or Ca2+) Cations. J 
Chem Eng Data. 2022;67(6):1565–72.  

163. Mackay MW, Fitzgerald KA, Jackson D. The solubility of calcium and phosphate in two 
specialty amino acid solutions. J Parenter Enter Nutr. 1996;20(1):63–6.  

164. Pal MM. Glutamate: The Master Neurotransmitter and Its Implications in Chronic Stress and 
Mood Disorders. Front Hum Neurosci. 2021;15(October):1–4.  

165. Pei Z, Lee KC, Khan A, Erisnor G, Wang HY. Pathway analysis of glutamate-mediated, 
calcium-related signaling in glioma progression. Biochem Pharmacol. 2020;176.  

166. Hogan-Cann AD, Anderson CM. Physiological Roles of Non-Neuronal NMDA Receptors. 
Trends Pharmacol Sci [Internet]. 2016;37(9):750–67. Available from: 



119 
 

http://dx.doi.org/10.1016/j.tips.2016.05.012 

167. Kariya Y, Kariya Y. Osteopontin in Cancer: Mechanisms and Therapeutic Targets. Int J Transl 
Med. 2022;2(3):419–47.  

 

  



120 
 

Appendix 1: Published manuscripts 
 



121 
 



122 
 



123 
 



124 
 



125 
 



126 
 



127 
 



128 
 



129 
 



130 
 



131 
 



132 
 



133 
 



134 
 



135 
 



136 
 



137 
 



138 
 



139 
 



140 
 



141 
 



142 
 



143 
 



144 
 



145 
 



146 
 



147 
 



148 
 



149 
 



150 
 



151 
 



152 
 



153 
 



154 
 



155 
 



156 
 



157 
 



158 
 



159 
 



160 
 



161 
 



162 
 



163 
 



164 
 



165 
 



166 
 



167 
 



168 
 



169 
 



170 
 

 



171 
 



172 
 



173 
 



174 
 



175 
 



176 
 



177 
 



178 
 



179 
 



180 
 



181 
 



182 
 



183 
 

 

 



184 
 

 

 



IZMANTOŠANA BIOMATERIĀLOS
REĢENERĀCIJAI

INCORPORATION IN BIOMATERIALS
UE REGENERATION

Jingzhi Fan dzimis 1995. gadā Ķīnā, Liaoninas provincē. Pekinas Ķīmijas 
tehnoloģijas universitātē ieguvis bakalaura grādu biomateriālos (2018), 
Dublinas Universitātes koledžā – maģistra grādu materiālzinātnē un 
inženierzinātnē (2019). Kopš 2020. gada studē Rīgas Tehniskās univer-
sitātes (RTU) doktorantūrā. 2021. gadā bijis AO Research Institute Davos 
viespētnieks. Patlaban ir RTU zinātniskais asistents. Pētniecības intere-
ses saistītas ar biomedicīnas inženieriju un vielmaiņu.

Jingzhi Fan was born in 1995 in Liaoning, China. He obtained his Bach-
elor’s degree in Biomaterials (2018) from Beijing University of Chemical 
Technology and a Master’s degree in Materials Science and Engineering 
(2019) from University College Dublin. Since 2020, he has been a PhD stu-
dent at Riga Technical University. In 2021, he was a visiting researcher at 
AO Research Institute Davos. He is currently a research assistant at Riga 
Technical University.  His research interests are biomedical engineering 
and metabolism.


	Acknowledgements
	General Characteristics of the Thesis
	Background
	Aims and objectives
	Scientific novelty and main results
	Structure and volume of the thesis
	Figures
	Tables

	Abbreviation
	Literature Review
	1.1 Tissue engineering and biomaterials
	1.1.1 Biomaterials for bone tissue engineering
	1.1.2 Bioceramic in bone repair
	1.1.2.1 Hydroxyapatite (HAp)
	1.1.2.2 β-tricalcium phosphate
	1.1.2.3 Amorphous calcium phosphate
	1.1.2.4 Cold sintering of bioceramics

	1.1.3 Materials characterization
	1.1.3.1 X-ray diffraction analysis (XRD)
	1.1.3.2 Scanning electron microscope (SEM)
	1.1.3.3 Porosity of biomaterials


	1.2 Cell-material interaction
	1.2.1 Material characteristics
	1.2.2 Cellular behaviors

	1.3 Bone regeneration
	1.3.1 Osteoblasts
	1.3.2 Osteocytes
	1.3.3 Osteoclasts
	1.3.4 Bone healing process

	1.4 Metabolomics
	1.4.1 Metabolomics in bone research
	1.4.2 Metabolomics in biomaterials research


	2 Materials and Methods
	2.1 Serum analysis of the animal model
	2.1.2 Rat calvaria critical size defect model
	2.1.4 Tibia critical size defect model on sheep

	2.2 CaP biomaterials preparation
	2.2.1 Synthesis of HAp and β-TCP
	2.2.2 Synthesis of ACP
	2.2.3 Synthesis of ACP-Glu
	2.2.4 High-temperature sintering of CaP
	2.2.4.1 Determination of CaP shrinkage
	2.2.4.2 Preparation of CaP tablets
	2.2.4.3 Preparation of high-temperature sintered CaP samples.

	2.2.5 Cold sintering of CaP samples

	2.3 CAP characterization
	2.3.1 X-Ray diffraction (XRD) analysis
	2.3.2 Scanning electron microscope (SEM) imaging
	2.3.3 Determination of glutamate release from ACP-Glu
	2.3.4 Determination of specific surface area

	2.4 In vitro studies
	2.4.1 Cell culture of NIH/3T3 cell line
	2.4.2 Cell culture of the MC3T3-E1 cell line
	2.4.3 LDH cytotoxicity assay 
	2.4.4 Cell Counting Kit-8 viability assay.
	2.4.5 Cell attachment on material surfaces
	2.4.6 Colorimetric alkaline phosphatase (ALP) assay
	2.4.7 Free calcium analysis
	2.4.8 Free phosphate analysis
	2.4.9 OPN (Osteopontin) and OCN (Osteocalcin) activity
	2.4.10 Alizarin Red staining

	2.5  Metabolomics analysis
	2.5.1 Liquid chromatography–mass spectrometry (LC-MS) based metabolomics
	2.5.2 Metabolite analysis of animal serum
	2.5.3 Intercellular metabolites collection 
	2.5.4 Metabolite adsorption on CaP tablets
	2.5.5 Statistical analysis


	3 Results and Discussion
	3.1 Metabolic changes during bone healing in animal models
	3.1.1 Critical-size calvaria defect model
	3.1.1.1 Overview of metabolite profiles
	3.1.1.2 Identification of metabolic changes during bone healing

	3.1.2 Sheep tibia critical size defect model
	3.1.2.1 Identification of metabolic changes during bone healing


	3.2 Development of CaPs scaffolds
	3.2.1 The preparation of CaPs scaffolds
	3.2.1.1 Shrinkage measurement from hot sintering
	3.2.1.2 High-temperature sintered CaPs
	3.2.1.3 Cold-sintered CaPs

	3.2.2 Characterization of CaPs
	3.2.2.1 XRD of CaPs
	3.2.2.2 Evaluation of CaP Morphology
	3.2.2.3 Specific surface area 
	3.2.2.4 The influence of CaPs on culture media
	3.2.2.5 In vitro evaluation of high-temperature sintered CaPs
	3.2.2.6 Glu release by ACP-Glu


	3.3 Metabolite analysis
	3.3.1 Metabolomics of NIH/3T3 with CAPs
	3.3.1.1 Metabolite adsorption of HAp compared with intercellular metabolites
	/

	3.3.1.2 Metabolite adsorption on cold sintered ACP, ACP-G, and HAp
	3.3.1.3 Metabolite profiling of HAp, H95, H58, TCP, and cold sintered ACP
	3.3.1.4 The influence of time and composition on metabolism
	3.3.1.5 Pathway analysis of high-temperature sintered CaPs compared with CNT.

	3.3.2 Metabolomics of MC3T3-E1 with ACP, ACP-Glu, and HAp
	3.3.2.1 Metabolite profiling
	3.3.2.2 ACP-Glu compared against CNT.
	3.3.2.3 ACP-Glu compared against HAp.
	3.3.2.4 ACP-Glu compared against ACP.
	4.1.1.1 Summary of the ACP-Glu metabolomics comparison


	4.2 In vitro evaluation of osteogenesis by ACP-Glu
	4.2.1 Biocompatibility test
	4.2.1.1 Cell viability by Cell Counting Kit-8 assay
	4.2.1.2 Assessment of cytotoxicity by LDH cell viability assay

	4.2.2 Intracellular and extracellular calcium and phosphate level evaluation
	4.2.2.1 Free calcium and phosphate in the media
	4.2.2.2 Intracellular calcium and phosphate levels 

	4.2.3 Osteogenesis evaluation
	4.2.3.1 ALP activity
	4.2.3.2 Evaluation of the released OPN and OCN levels

	4.2.4 Mineralization evaluation of ACP and ACP-Glu


	5 Conclusions
	6 References
	Word Bookmarks
	OLE_LINK4
	OLE_LINK62
	OLE_LINK80
	OLE_LINK138
	OLE_LINK157
	OLE_LINK64
	OLE_LINK65
	OLE_LINK61
	OLE_LINK63
	OLE_LINK81
	OLE_LINK66
	OLE_LINK67
	OLE_LINK56
	OLE_LINK68
	OLE_LINK69
	OLE_LINK19
	OLE_LINK17
	OLE_LINK149
	OLE_LINK150
	OLE_LINK86
	OLE_LINK87
	OLE_LINK82
	OLE_LINK50
	OLE_LINK51
	OLE_LINK84
	OLE_LINK85
	OLE_LINK145
	OLE_LINK146
	OLE_LINK147
	OLE_LINK148
	OLE_LINK88
	OLE_LINK89
	OLE_LINK119
	OLE_LINK120
	OLE_LINK141
	OLE_LINK142
	OLE_LINK27
	OLE_LINK60
	OLE_LINK48
	OLE_LINK59
	OLE_LINK83
	OLE_LINK153
	OLE_LINK21
	OLE_LINK151
	OLE_LINK152
	OLE_LINK90
	OLE_LINK93
	OLE_LINK72
	OLE_LINK73
	OLE_LINK91
	OLE_LINK92
	OLE_LINK52
	OLE_LINK53
	OLE_LINK94
	OLE_LINK117
	RANGE!A13
	OLE_LINK74
	OLE_LINK75
	OLE_LINK95
	OLE_LINK96
	OLE_LINK97
	OLE_LINK76
	OLE_LINK77
	OLE_LINK116
	OLE_LINK98
	OLE_LINK99
	OLE_LINK115
	OLE_LINK41
	OLE_LINK42
	OLE_LINK49
	OLE_LINK70
	OLE_LINK71
	OLE_LINK100
	OLE_LINK132
	OLE_LINK154
	OLE_LINK101
	OLE_LINK137
	OLE_LINK143
	OLE_LINK144
	OLE_LINK155
	OLE_LINK156
	OLE_LINK102
	OLE_LINK103
	OLE_LINK134
	OLE_LINK8
	OLE_LINK104
	OLE_LINK105
	OLE_LINK106
	OLE_LINK107
	OLE_LINK108
	OLE_LINK109
	OLE_LINK110
	OLE_LINK111
	OLE_LINK114
	OLE_LINK57
	OLE_LINK58
	OLE_LINK78
	OLE_LINK79
	OLE_LINK112
	OLE_LINK139
	OLE_LINK113
	OLE_LINK140
	OLE_LINK5
	OLE_LINK3
	OLE_LINK9
	OLE_LINK10
	OLE_LINK14
	OLE_LINK11
	OLE_LINK13
	OLE_LINK1
	OLE_LINK2




