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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.

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

Metabolites depleted during bone healing can be integrated into biomaterials to

facilitate bone regeneration.

Scientific novelty and main results

L.

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.

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.

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).

20



Osteocytes Blood vessels

Cancellous bone Collagen fibril ..,

o2 ® o,
.

Lamella

o
D e
.

. ° *° Hydroxyapatite

/

b,
Collagen fiber Collagen molecule
Cortical bone Osteon Haversian canal
Macrostructure Microstructure Nanostructure
Mesostructure Sub-microstructure Sub-nanostructure

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

@1).

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 (B-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 B-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 \iVorkn}g S‘ettmg' P‘ore Pore .O.steomduct Degradation/
time/min  time/min  size/pm  rate ivity mon
Acumed Carlos CaP’A sodium - silicate Filler for extremities and cranial 2 times greater than 2-6 4-6
solution cancellous bone
. . - o . . 3 times greater than 2-3 (CS), 12
Biocomposites Genex B3-TCP, CSH Filler in pelvis and spine cancellous bone <15 (CP)
. . .. s . <10(1/3)
. . HAp, B-TCP, Bone void filler in extremities, No initial mechanical o
Biomatlante In'Oss hydrogel® elvis, spine, and dental operties ,  300-70%
ydrog pelvis, spine, nf properti 600(2/3)
60%CSH, 40%HAp, . . .. .
BONE SUPPORT CERAMENT iohexol mixing 3one void filler in extremities, 6-12MPa (after 24h in ;¢ 15
. pelvis, and spine Ringer solution)
solution
2.4 times greater than
Exactech Ossilix CaP metaphyseal void filler cancellous bone after 6 <5 8-10 .
months 50% in 6
78%a-TCP, 5%DCPD,
5%MCPM,  10%Ca- . . ..
Graftys gr?ﬁl(yss ) deficient Hap, Done void filler in extremities 5. 5yp, 2 63%
ckse 2%HPMC?¢ NaHPO, "¢ PEVIS
solution,
42%pB-TCP, Bone void filler in extremities,
0, 0, _ 3 1 -
ChronOS 21%MCPM,  31%pB- pelvis, and spine, carrier of 20MPa 3 6 100
Inject TCP, granules, autogenous blood or bone 6-18
5%MgHPO4-3H.0 marrow
INJ
85%a-TCP,  MgSO4
Norian 12%CaCOs, Bone void filler in extremities 33MPa /35MPa 5 3.6 4712 30-
3%MCPM, Na:HPO: and pelvis /55MPa¢ 45% 13-24
solution
66%CSH/CSD, . No initial mechanical 1-50, 1-2 (CS)
MIS 4MATRIX 33%HAp Periodontology properties 3-5 300-800
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Mitsubishi
Materials

OSTEOMED

Straumann

Stryker

Wright

ZIMMER
BIOMET

BONDBONE

4BONE BCH

Biopex

OsteoVation

Bone Ceramic

BoneSource

HydroSet

AlloMatrix

MIIG*

PRO-DENSE

PRO-STIM

Beta-bsm

AccuFill

CSH, CSD

60%HAp, 40%TCP

75%0-TCP,

18%TTCP, 5%DCPD,
2%HAp, sodium
succinate, sodium

chondroitin sulphate
B-TCP, CaS
60%HAp, 40%B-TCP

73%TTCP,
27%DCPD, Na;HPO4/
NaH>POs4 solution

TTCP, trisodium
citrate, PVP4

DBM  (86% by
volume), CaS, CMC¢

o-CSH, saline

75%Cas, 25%CaP
(brushite & granular 3—
TCP)

CaS, CaP, DBM

HAp, carbonated
apatite

CaP (apatite)

Periodontology, binder

Periodontology

Bone void filler in extremities,
pelvis, and spine

Filler craniofacial skeleton

Periodontology

Cranial defects

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

Binder, a bone void filler for the
skeletal system

Bone void filler in extremities,
pelvis, and spine

Bone void filler in extremities,
pelvis, and spine

Bone void filler in extremities,
pelvis, and spine

Bone void filler in extremities,
pelvis, and spine

Bone void filler for cancellous
bone

No initial mechanical
properties

No initial mechanical
properties

80MPa

50MPa

36MPa after 24
hours/60-65MPa

15.9MPa

No initial mechanical
properties

Low mechanical
properties

40MPa, 3 times greater
than autograft after 26
weeks

1.4 times greater than
autograft after 26
weeks

28-32MPa

10MPa

3-5

4-8

<10

3-5

150,
300-800 46%
<10,

300600 /0%

200-800  80%

33.4+6.2  45%

yes

20-250

yes

1-300 65%

12
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0/ oy 0,
61%0-TCP, 26%DCP, Bone void filler in extremities, 15MPa after 6 hours,

Calcibon 10%CaCOs, 3%HAp, . . 5 )
NaHPOs solution pelvis, and spine 45MPa after 3 days 20% in 12
Mimix TTCP, o-TCP, Repair of cranial defects 3300 PSI (23MPa) 2-4 3-4

trisodium citrate

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.

¢ The ratio of HAp against 3—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 Cajo(PO4)s(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 B-tricalcium phosphate

B-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 B-TCP is its controlled
biodegradability. Over time, p-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, B-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, B-TCP is particularly useful when rapid bone healing and regeneration are desired. -
TCP is generally less mechanically stable and more brittle than HAp. These mechanical

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

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

Name Formula Ca/P Crystallography  Symbol
ratio
Tetracalcium phosphate monoxide Ca4(PO4)20 2 Monoclinic TTCP
Hydroxyapatite Caio(PO4)s(OH)2 1.67 Hexagonal HAp
a-Tricalcium phosphate a-Ca3(POa)2 1.5 Monoclinic o-TCP
B-Tricalcium phosphate B-Cas(PO4)2 1.5 Rhombohedral B-TCP
Dicalcium phosphate CaHPO4 1 Triclinic DCP
Dicalcium phosphate dihydrate CaHPO4-2H20 1 Monoclinic DCPD
Monocalcium phosphate monohydrate  Ca(H2PO4)2'H20 0.5 Triclinic MCPM
a-Calcium sulphate hemihydrate a-CaS04'0.5H0 - a a-CSH
p-Calcium sulphate hemihydrate p-CaS04-0.5H20 - 2 B-CSH
Calcium sulphate dihydrate CaSO4:2H20 - Monoclinic CSD

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

Additionally, B-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). B-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 B-TCP,
such as polyurethane-foam replica, sol-gel, 3D printing, gelatin-freeze casting, and so on (36).
The potential of B-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 Mg?*, 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

29



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

31



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 (20 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).
1.1.33 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.
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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.
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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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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).
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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 (ANOV A) 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 ofthe 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 underliec 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 25 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 ©3.5 mm,
progressing to 4.9 mm) and insertion of four positive profile Steinmann pins (5.0 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 J2.5 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.
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Figure 7 lllustration of sheep tibia defect model and the blood sample collection.

2.2 CaP biomaterials preparation

2.2.1 Synthesis of HAp and 3-TCP

Calcium phosphate powders were synthesized via wet precipitation reaction following the

equations below:
Ca0 + H,0 - Ca(OH),

10Ca(OH), + 6H;P0, — Ca;o(P0,)s(OH), + 18H,0

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 B-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.

222 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
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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

2.24.1 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
mm?). The cubic sample was placed in the furnace of a heating microscope (EM301 Heating

Microscope HT 16 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 B-TCP tablets were
manufactured, and in the subsequent text, the HAp sample group is referred to as HAP and the
B-TCP sample group is referred to as TCP. The biphasic calcium phosphates with a ratio 0f95%
HAp and 5% B-TCP were prepared and named as H95. The biphasic calcium phosphates with
an 87% HAp and 13% B-TCP ratio were prepared and named H87. The biphasic calcium
phosphates with a ratio of 58% HAp and 42% B-TCP were prepared and named as H58.

B

A
’ @ CaP tablets
2+ b
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Figure 8 (4) Illustration of CaP tablets preparation. (B) Photo of the pressing die. (130)
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2.2.43 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 (g =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 (¢ =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 °C.
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-al,2
wavelengths 1.541, step size 0.0435°, within range 20 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 B-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.

232 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 ps 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 50uL 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 pL) was added to the collected media (50 pL), 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 pL of the
isotopically labeled internal standard mix and 90 uL of methanol. Then, the samples were

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

234 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% CO; 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
6x10* 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.

242 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 50pg/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%10% 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 pl 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 pl of prepared LDH assay
reagent. The plate was incubated at room temperature (20 °C) for 30 minutes, protected from
light. 50 pl 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

52



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 ANOV A 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 pl assay kit was added to 1 ml of culture media. The
plate was incubated at 37 °C in a 5% CO: 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 uL.
of culture media supernatant was collected in 1.5 mL Eppendorf vials. Subsequently, 100 uLL
of deionized water, 250 puL of alkaline buffer (Sigma, USA), and 50 pL 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 pL 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 uLb
conditioned media was transferred to a 96-well plate (Tecan, Switzerland), followed by the
addition of 90 uL chromogenic reagent and 60 pL 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 pL conditioned media was
taken into the 96-well plate (Tecan, Switzerland), followed by 100 puL 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 pl conditioned media was added to each well for the
OCN ELISA kit, and 50 ul 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 lllustration 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 pm 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 pL, 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.
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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 uL serum was
taken into an empty Eppendorf tube and mixed with 80 pL methanol and 10 puL 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).

253 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%,

CH30H, 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 pL of the isotopically labeled internal standard mix
(Chromsystems, Germany) was added to dried samples, followed by 90 pL 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 uL 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 uL 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 (NH4sHCO3, >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 pL of the isotopically labeled internal
standard mix was added to dried samples, followed by 90 puL of methanol. Reconstituted
samples were transferred to glass vials and applied for liquid chromatography-mass

spectrometry (LC-MS) analysis.

255 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.
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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 uM to 37.4 uM (Figure 13).
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Figure 13 Concentration of glutamate and glutamine in serum (*P < 0.05; ¥**P < 0.01; ***P < 0.001; ****P < (.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 a-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.
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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.
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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.
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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.
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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 (DO0) 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 a-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. B-TCP starts shrinking at around 1000 °C. HAP has
a hexagonal crystal structure and a lower activation energy for sintering (Table 2). In contrast,
B-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).

71



Table 3 CaP tablets sintered under different temperatures

Material Temperature®C Diameter(mm) Height(mm)

B-TCP 1100 14.94+0.08 1.36+0.01
B-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

3.2.13 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

322 Characterization of CaPs

3221 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 B-tricalcium phosphate. The obtained pure samples
of HAp and B-TCP were consistent with the ICDD patterns (Figure 22). HAp characteristic
maxima, with the highest intensities, were easily discernible at 25.9° 20, as well as the double
maxima between 31.7° and 32.2° 26, and a single peak at 34° 20. B-TCP maxima were also
clearly identified at 20°, 30°, 31°, and 41° 26. The percentages of B-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 B-TCP in the H95 XRD
pattern; however, its presence in H58 was evident, with maxima observed at 20°and 41° 20
(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

3222 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 (20000x). 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
(B-TCP) and H58 (a calcium phosphate composition with 58% HAp and 42% B-TCP) are
relatively larger (~1 um) than the CaP with higher HAP content (~0.4pm for H95 and ~0.3um
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.

TCP H58 H95 HAP

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 pm 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.

ACP |

ACP-Glu

Figure 25 SEM images of cold-sintered CaPs.

3223 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 B-TCP exhibited higher specific surface areas (31.8 and 20.1 m?/g, respectively) compared
to their corresponding composites—15.8 m?/g for H95 and 10.0 m?/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 B-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 m?/g) than ACP (15.0 m%*/g) and ACP-Glu
(10.8 m*/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.
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Figure 26 Specific surface area (SSA) assessments based on the BET

3224 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 <(.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 (R? = 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-R? 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 R? 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).
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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.
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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.
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Figure 33 Examples of adhered metabolites. (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < (.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.

FC to CNT

4-Hydroxyproline
Acetylcarnitine
Arginine 8
Aspartic Acid
Butyrylcarnitine
Carnitine
Citrulline
Creatinine
Glutamic Acid
Glutamine
Glycine

Histidine
Homocystine
Isoleucine
Isovalerylcarnitine
Leucine

Lysine
Methionine
Methylhistidine
Ornithine
Phenylalanine
Proline
Propionylcarnitine
Putrescine
Serine

Taurine
Threonine

Tryptophan
Tyrosine

Valine

& © N

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 PCI,
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

33.14 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.
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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 aresult, 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;
wRREP < ().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.
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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
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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).
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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, a-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 a-ketoglutarate by isocitrate dehydrogenase and reduction by o-ketoglutarate
decarboxylase are irreversible, making it a valuable metabolite when analyzing the TCA cycle
(151-153). o-ketoglutarate decarboxylase is also considered a rate-limiting step of the TCA
cycle (154). The depletion of o-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 a-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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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.
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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.
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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.
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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.
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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.

99



(5o (o] (eronee) =
Glutamate m

(Glucosej [ Citrate J—{u-KetoglutarateHS ucci natej
( Lactate HPyruvateJ

Oxalosuccinate

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  Invitro 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.
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Figure 52 Cell proliferation of MC3T3-EI 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 Ilevel (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).
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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

103



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.
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Figure 54 Calcium and phosphate in the media on day 10 and day 14. (*P < 0.05; **P < 0.01; ***P < 0.001;
*HEEP < 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;
AP <0.01; ¥**P < 0.001; ****P <(.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.
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Figure 57 Released (extracellular) OPN and OCN levels in culture media. (*P < 0.05; **P < 0.01; ***P < 0.001;
AP < 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 = 30um.

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.
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Abstract: Identifying the changes in endogenous metabolites in response to intrinsic and extrinsic
factors has excellent potential to obtain an understanding of cells, biofluids, tissues, or organisms”
functions and interactions with the environment. The advantages provided by the metabolomics
strategy have promoted studies in bone research fields, including an understanding of bone cell
behaviors, diagnosis and prognosis of diseases, and the development of treatment methods such as
implanted biomaterials. This review article summarizes the metabolism changes during osteogenesis,
osteoclastogenesis, and immunoregulation in hard tissue. The second section of this review is
dedicated to describing and discussing metabolite changes in the most relevant bone diseases:
osteoporosis, bone injuries, rheumatoid arthritis, and osteosarcoma. We consolidated the most
recent finding of the metabolites and metabolite pathways affected by various bone disorders. This
collection can serve as a basis for future metabolomics-driven bone research studies to select the
most relevant metabolites and metabolic pathways. Additionally, we summarize recent metabolic
studies on metabolomics for the development of bone disease treatment including biomaterials for
bone engineering. With this article, we aim to provide a comprehensive summary of metabolomics
in bone research, which can be helpful for interdisciplinary researchers, including material engineers,
biologists, and clinicians.

Keywords: metabolomics; bone homeostasis; osteoporosis; bone regeneration; osteosarcoma; biomaterials

1. Introduction

Bone is the primary tissue in the skeleton system. At first glance, bone tissue might
appear to be a static and rugged part of the body with almost no dynamics. However, the
first impression is deceiving. Bone homeostasis is a very dynamic and complex process
closely linked to other organism functions, including immunity. Moreover, the disturbances
in these processes are associated with numerous diseases, chronic or acute, that severely
affect life quality and are even life-threatening.

Among them, osteoporosis, the most well-known bone disorder, has a high prevalence
rate, and the rate for osteopenia is even higher [1]. This chronic bone disease has a
preference among postmenopausal women (over 10%) and the aged population [2,3], and
it highly increases the risk of osteoporotic fracture. Pathologic fracture can also arise from
weakened bone caused by tumors. Bone fracture, including traumatic and pathological
caused, is a malignant medical condition that frequently happens for various reasons. The
loss of productivity and individual disability after fracture dictates a high demand for
hard tissue healing studies. It has become evident that a much deeper understanding of
hard tissue and related diseases is needed to develop a novel diagnosis, prognosis, and
treatment approaches. The need for this will only increase due to the ageing population.

In this regard, metabolomics—a large-scale study of metabolites that are directly
involved in biochemical activity holds great promise to advance our knowledge on bone
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tissue (patho)physiology. Describing the metabolite pathways involved in a disease can
greatly promote understanding disease development, diagnosis, and prognosis [4]. More-
over, the prominent biomarker identification can be incorporated with the traditional
diagnostic methods to improve diagnostic accuracy. Additionally, metabolite ability to
modulate phenotype directly through biochemical reaction can pave the road for develop-
ing new treatment approaches, especially blockers, competitive inhibitors, and accelerants.

In recent years, there has been a growing interest in metabolomics for bone tissue-
related research, which has resulted in an improved understanding of underlying cellular
processes during bone homeostasis and disease. However, the available information about
bone-immune system and cell—cell interactions is still sparse and systematic studies are
needed to deepen our understanding about these interactions. This review provides an
overview of the metabolic processes relevant to bone homeostasis and the most prevalent
bone diseases. It summarizes recent studies that employ metabolomics to better understand
bone metabolism (Figure 1B). With this review, we want to showcase the role and value
of metabolomics in bone research and encourage incorporating metabolomics in more
bone-related studies, as it is providing unique insights.
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Figure 1. (A) Overview of bone remodeling processes, including osteogenesis and osteoclastogenesis. (B) Summary of
metabolomics applications in bone research.

2. Metabolism of Bone Cells
2.1. Bone Homeostasis

Bone is the primary tissue in the skeleton system, providing the function of structure
support, hematopoiesis location, and mineral storage. To perform these functions, bone has
a complex structure that contains compact bone and cancellous bone, with the composition
of organic and inorganic composites containing living cells [5]. The bone remodeling
process is a cascade of regular activities in which three cell types, including osteoblasts,
osteoclasts, and osteocytes, play crucial roles (shown in Figure 1). Bone undergoes continu-
ous resorption carried out by osteoclasts and formation by osteoblasts, which are linked
cell activities that form a dynamic equilibrium in bone tissue [6]. To briefly summarize this
complex process, osteoclast precursors are activated to start resorption stages by cytokines
such as receptor activator of nuclear factor-kB (RANK) and macrophage colony-stimulating
factor (M-CSF) released by bone lining cells upon receiving a biochemical signal such as
hormones (e.g., parathyroid) or mechanical signal (due to bone damage). Osteoclasts,
specialized cells developed from the monocyte /macrophage lineage, can contact the bone
matrix to form a sealed bone resorption area, playing a role in degrading bone tissue [7].
The activity of the osteoclast is terminated by the formation of resorption pits on the bone
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surface. During the formation process, osteoblasts deposit the osteoid into the resorbed site
to form a mineralized matrix. Osteoblasts are then either apoptotic or buried as osteocytes
in new bone layers. It is crucial to maintain a balance between osteoclasts and osteoblasts.
Bone remodeling is a dynamic and lifelong process. An imbalance in this process leads
to bone disorders. It can cause several diseases, such as overactive osteoclasts and bone
turnover, which would lead to osteopenia and osteoporosis, while abnormal osteoblasts
elevate the risks for hyperosteogeny and tumor [3,8].

Cell differentiation is an integral part of bone homeostasis, as the osteoclast is derived
from hematopoietic cells, while osteoblasts are produced from the differentiation of bone
marrow stem cells (MSCs). The differentiation from MSC to osteoblast and from monocyte-
macrophage lineage to osteoclast involves metabolic changes and adaptions. Metabolomics
is one of the key methodologies to study these processes and deepen the understanding of
osteogenesis and osteoclastogenesis and their relationship with bone diseases. MSCs, the
precursor of osteoblasts, predominantly utilize glycolysis as the energy source within the
bone marrow; however, the energy metabolism shifts to oxidative phosphorylation during
the differentiation [9,10]. Hypoxia-inducible factor 1 o« (HIF-1c) works as a regulator of
MSC energy metabolism during osteogenic and chondrogenic differentiation [11]. HIF-1«
can promote glycolysis and inhibit oxidative phosphorylation (OxPhos) and is most active
in undifferentiated MSCs [12]. MSCs have been shown to grow and proliferate in the
glycolysis pathway in hypoxic condition. At the same time, they undergo a metabolic
shift to the tricarboxylic acid (TCA) pathway to supply the required energy to differentiate
into the bone cells [9]. As a result, a higher OxPhos activity with an unaltered or decrease
in glycolysis happens in MSCs differentiation [9,12,13]. In mature osteoblasts, glycolysis
produces most of the needed energy for osteoblasts to maintain the functionality [14]. The
well-known osteogenic factor, bone morphogenetic protein, can boost glucose metabolism
and therefore enhance the development of bone and cartilage [15].

During osteoclastogenesis, both glycolysis and OxPhos were found increased, as
indicated with a higher glucose consumption and lactate production [16]. This means that
glycolysis and mitochondrial processing both play a role in the differentiation and absorp-
tion. Increased expression of glycolytic genes, including hexokinase, phosphofructokinase,
and pyruvate kinase, was found during osteoclastogenesis [17]. The final osteoclasts may
become apoptosed, which makes them difficult to study [18]. However, there is some evi-
dence which indicates an alternative fate for RANKL-stimulated osteoclasts-osteomorphs
production, [19]. The lifespan of osteoclasts is generally considered to be as long as
2 weeks [20]. Nevertheless, Jacome-Galarza et al. described a mechanism upon which
osteoclasts could be maintained in bone, leading to compensate for osteoclast deficiency
in vivo [21].

Lipid metabolism can also alter the differentiation and function of bone cells. Long-
chain polyunsaturated fatty acids, such as docosahexaenoic acid and arachidonic acid, can
directly suppress the differentiation and activity of osteoclasts [22]. As part of lipid rafts to
control the signal transduction during osteoclastogenesis, cholesterol can alter the RANK-
RANKL signal transduction, resulting in increased bone resorption under a high content of
cholesterol [23]. Similarly, phosphoinositide, a membrane lipid, regulates calcium signaling
and influences osteoclast differentiation [23]. The changes of 18 metabolites, most of which
were lysophosphatidylcholines, were detected in the study of differentiation inhibition with
estradiol [24]. The enzymatic expression changes explained this inhibition during osteoclast
differentiation and oxidative/anti-oxidative imbalance during osteoclast proliferation. It
also should be pointed out that lipids are used as an energy source which in turn can
influence cell functions. Low lipid levels in the skeletal stem cells environment leads to
chondrogenesis rather than osteogenesis due to the osteoblasts dependency on the fatty
acid oxidation (FAO) [25].

The metabolism studies on osteogenesis and osteoclastogenesis provide a guide to
regulate the differentiation of precursor cells by altering the metabolic pathways. Moni-
toring the cell function upon exposure to a change in its surrounding environment allows
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for controlling cells” behavior. Osteogenesis differentiation from MSCs can be guided
by parathyroid hormone by enhancing glycolysis to increase bone formation [24]. Lee
et al. attempted to regulate adipocyte and osteoblast differentiation from MSCs using sev-
eral metabolites. Among them, ergosterol peroxide and 9,11-dehydroergosterol peroxide
were found to inhibit the differentiation toward adipocytes. Diterpenes dehydroabietic
acid, 7-oxocallitrisic acid, and pimaric acid, on the other hand, induced osteoblasts dif-
ferentiation [24]. The effect of high and low amounts of energy source, oxygen, and
ROS as environmental factors on a deviation of cellular behavior has been well reviewed
recently [6].

2.2. Osteoimmunology

The close connection between the immune system and bone tissue generated the
conception of osteoimmunology [26]. Immune cells have a remarkable effect on bone phys-
iology by acting on osteogenesis and osteoclastogenesis. The activity of bone resorption is
also regulated by interleukins, cytokines secreted by immune cells. Among all immune
cells, macrophages play an essential regulatory role in bone regeneration. Macrophages
are divided into two polarized extremes, pro-inflammatory M1 and anti-inflammatory
M2 [27]. Extracellular amino acid levels can alter the immune system functions through
altering macrophage phenotypes. Arginine (Arg), ornithine, tryptophan, and glutamine
can be considered amino acid-based immunomodulators [28]. Arginine metabolism plays
a critical role in macrophage polarization and characterization. The prominent metabolic
feature of M1 macrophages is Arg catabolism to nitric oxide (NO) and citrulline using nitric
oxide synthase (NOS). While for M2 macrophages, Arg is catabolized to ornithine and urea
through arginase [27]. Therefore, the catabolic and anabolic activity of NOS and arginase
processes can regulate the polarization of macrophage and thus influence the inflammation
and regeneration in hard tissue [29]. Indeed, the chronic inflammation of the target tissue
can be pharmacologically controlled by regulating NO and Arg production [30].

In bone regeneration processes, activation of M1 macrophages in the early inflamma-
tory phase leads to the secretion of inflammatory cytokines such as tumor necrosis factor «
(TNF-ov), Interleukin 6 (IL-6), and IL-1b, which results in activation of the osteoclastogenesis
cascade with consequential bone resorption [31]. The M1 macrophage effect on mesenchy-
mal stem cell (MSC) osteogenesis through the COX-2-prostaglandin E2 pathway has also
been reported [32]. M2 macrophages are involved in the secondary stages of bone repair,
which can lead to fibrous capsule or bone formation. Fibrous capsule formation prevents
bone marrow stem cells being connected to the surface of a biomaterial for further progress
in osteogenesis. Therefore, the domination of the inflammatory phase of macrophages
guarantees the long-term failure or success of bone regeneration in the subsequent stages.
The protracted stage of the M1 phenotype results in more fibrous inducible cytokines are
amplified and fibrous capsules are formed, helping M2 phenotypes [31]. The immune
response elicited by primary M1 macrophages in the early stages determines the decision
of secondary M2 macrophages to secrete specific cytokines. In summary, macrophages
positively contribute to bone healing by secretion of osteogenesis-related growth factors or
negatively interfering through fibrous-induced inflammatory cytokines.

From an energy metabolism point of view, macrophages are constantly switching
from glycolysis to oxidative phosphorylation (OxPhos). It was proved that M1 phenotypes
use glycolysis and pentose phosphate pathways to uptake required ATP. M1 phenotypes
lead to metabolic perturbations in several metabolites of the TCA cycle, including citrate,
succinate, and itaconate. Prolonged M1 polarization can be selected as a metabolic marker
for the diagnosis of inflammatory diseases such as rheumatoid arthritis and metabolic
disorders such as diabetes and osteoporosis [28]. On the contrary, glycolysis has been
shown to not be relevant for M2 polarization, while the consumption of glutamine GIn can
be upregulated to fuel the TCA cycle [33]. Elevated FAO and OxPhos pathways indicate
M2 macrophage activity and sustain the inflammatory response [27]. GIn metabolism has
been reported as the synergistic support for macrophage activation through M2 phenotype
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differentiation [34]. Macrophages have the potential to uptake different types of lipids,
including very low-density lipoprotein (VLD), low-density lipoprotein (LDL), and oxidized
lipoproteins. Lysosomes convert the consumed lipids to free fatty acids and cholesterol,
which eventually are involved in OxPhos and ETC pathways. As lipid-based macrophage
modulators, fatty acid synthesis (FAS) and FAO guide M1 and M2 macrophage polarization,
respectively [28]. This suggests that the tracking of metabolites involved in macrophage
energy homeostasis can serve as a marker to evaluate a transition from the M1 phenotype
towards M2. In fact, it has been demonstrated that metabolomics, through an elucidation of
changes in macrophage polarization, provides accurate information about an inflammatory
disease [28,35].

3. Metabolomics in Research of Bone Diseases

As demonstrated in the previous section, metabolism plays a crucial role in bone
homeostasis, and disturbances can cause or are caused by several diseases. Therefore, it is
evident that metabolite measurements could provide a valuable readout for bone disease
research. Indeed, metabolomics has been used for the identification of possible biomarkers
for the diagnosis and prediction of various bone-related diseases. Besides diagnosis,
metabolomics has also been applied to monitor the treatment. Perturbations in several
major metabolic pathways due to bone diseases have been reported. Specifically, arginine
and its related metabolism pathways are critical in osteoimmunology. Energy metabolisms,
including glycolysis and TCA cycle, are pivotal for bone cell differentiation and function.
polyunsaturated fatty acids (PUFAs) are valuable for dietetic, clinical, and biological
research of osteoporosis and arthritis. Furthermore, fatty acids, such as arachidonic acid,
are exploitable to develop advanced treatments. The metabolites related to acute and
chronic inflammation are also closely involved in bone defects. Additionally, energy-related
metabolites such as lactate and glutamine are altered in bone cancer. These metabolites
and pathways can be utilized to develop diagnosis, prognosis, and treatment procedures
of bone diseases.

3.1. Osteoporosis

Osteoporosis (OP) is the most known and common bone disease. OP occurs worldwide
in all populations, with a higher prevalence among postmenopausal women and aged
people. A low bone mineral density, which increases fracture risk, is the hallmark of OP. OP
is usually characterized by metabolic disorders of bone tissue, and usage of metabolomics
to study pathophysiology has gained popularity [36]. Animal models are commonly
used to study the molecular mechanisms of OP in vivo. Ovariectomized (OVX) mice
is an animal model of OP that mimics postmenopausal women with low BMD. Using
this model, ovarian extraction results in a decrease in estrogen and progesterone, with
consequences elevating the rate of bone loss [36]. Lipid metabolisms, especially arachidonic
acid metabolism, linoleic acid metabolism, and glycerophospholipid metabolism, are
impacted by the decrease in estrogen [37,38]. Polyunsaturated fatty acids (PUFAs) are well
known for their influence on BMD [39]. Two different families of PUFAs, n-3 PUFA, derived
from «- linolenic acid, and n-6 PUFA, derived from linoleic acid, are frequently occurring
in metabolomics studies with their opponent functions [22]. In fact, elevated levels of
arachidonic acid (AA), an n-6 PUFA, have been observed in oophorectomized rats and
postmenopausal women with OP [37,38,40]. Arachidonic acid can stimulate the expression
of receptor activator of NF-kB ligand (RANKL), leading to a high plasma RANKL level [22].
As the cytokine essential for osteoclast differentiation, a high concentration of RANKL can
remarkably promote osteoclastogenesis, resulting in the loss of bone tissue [41]. On the
contrary, docosahexaenoic acid (DHA), an n-3 PUFA, suppresses osteoclast formation from
human CD14-positive monocytes by the reduction of key signaling transduction pathways
of kinases (JNK, ERK, and p38 MAPKSs) [22,42]. Thus, DHA inhibits osteoclastogenesis
by blocking RANKL-induced activation from primary macrophages. At the same time,
prostaglandin and leukotrienes, the downstream metabolic products of arachidonic acid,
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were also proved to impact Wnt signaling (osteoblastogenesis) and osteoclastic resorption,
respectively [43,44]. A high-level accumulation of other lipid metabolites has been found in
postmenopausal women and oophorectomized rats as well [45-47]. Lipid metabolisms not
only impact osteoclastogenesis but also influence osteoblastogenesis. The increased lipid
oxidation, followed by high oxidative stress, can activate peroxisome proliferator-activated
receptor y, consequently inhibiting osteoblastogenesis and promoting adipogenesis [48].
PUFAs also play various roles in osteoblastogenesis. Fatty acids can activate peroxisome
proliferator-activated receptor y (PPARy) [49]. PPARY plays a pivotal part in cell-fate
determination, guiding the MSCs to differentiate into adipocytes [50]. This could explain
the bone loss of the patients with a high-fat diet. AA decreases the expression of osteogenic
markers and the osteoprotegerin/RANKL ratio, causing the appearance of adipocytes in
MSC differentiating during osteoblastogenesis [51]. However, n-3 PUFA such as DHA
and eicosapentaenoic acid do not have such an impact on MSCs [51,52]. In an attempt to
characterize the pathological mechanism of the postmenopausal OP, metabolomics was
employed to analyze the OVX mice-related femur tissue. The obtained data indicated
altered levels of 93 lipid metabolites such as fatty acyls, glycerolipids, glycerophospholipids,
sphingolipids, and sterols, among which levels of many fatty acids were increased in the
OVX model [53]. To sum up, PUFAs play a critical role in osteoporosis by (1) promoting
osteoclastogenesis through the expression of RANKL and (2) altering the differentiation of
MSCs by inducing adipogenesis.

Ageing is another leading cause of low BMD. The fractures due to senile OP are
highly life-threatening for the aged population, especially those over the age of 70 [1].
It is known that the functionality of osteoblasts, adipocytes, and osteoclasts changes
with ageing. A higher adipogenesis level was estimated with the accumulation of bone
marrow fat, not found in postmenopausal OP, which may be a critical cause for lower
osteoclastogenic activity [54,55]. An in vitro study verified that adipocytes, with their
metabolites, inhibit osteoblast differentiation by downregulating histone acetylation [56].
Again, lipid metabolism appears to have an essential role in the age-associated reduction of
BMD, as demonstrated by a metabolomics study on senescent osteoblasts [57]. The authors
identified the downregulation of n-3 PUFAs in the fatty acid metabolism due to the severe
oxidative stress damage. The decrease in n-3 PUFAs, as explained before, could result in
an elevation of bone loss through osteoclasts.

At the clinical level, a plasma metabolites profiling conducted on 1552 individu-
als to identify BMD-associated metabolomic markers detected a higher level of creatine,
dimethylglycine, and glycine [58]. The authors suggested that these metabolites were
causally negatively associated with BMD by altering bioenergetic processes as well as
glycine and threonine metabolism pathways. As a major component of the protein col-
lagen, hydroxyproline is also considered an OP-specific marker [59]. Serum metabolite
components of postmenopausal women with low BMD were investigated using CE-MS
and showed that the level of hydroxyproline could be a marker of OP [60]. Increased
concentration of hydroxyproline indicates the degradation of collagen type I from the bone
matrix and it was reduced after treatments [61]. Similarly, other catabolites developed
in bone from collagen, such as deoxypyridinoline (collagen stabilizer) and pyridinoline
(cross-linking compound of collagen fibers), can also serve as the markers of OP [59].
However, changes in their levels are the results rather than the causes of OP; therefore,
they are more suitable for the development of diagnosis but not treatment.

3.2. Bone Injuries

Bone fractures have always been a relevant threat to public health worldwide. Several
studies have recently been published investigating the metabolic processes during both
inflammatory response and tissue regeneration after bone fractures.

Ibrahim et al. identified the changes in the plasma metabolite levels in patients who
went through intramedullary reaming [62]. The precursors to extracellular matrix proteins,
lipids, and cysteine displayed remarkable elevation after the surgery. At the same time, the
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abundance of tryptophan decreased. Galactosamine and glucuronic acid, as the precursors
of chondroitin sulphate, were elevated in the after-reaming plasma. The precursors of
hyaluronic acid, such as acetylglucosamine, were also increased. The increase in these
ECM building blocks indicates that the matrix remodeling is accelerated after the surgery.
The increased lipids, including ceramides, myristoleate, and phosphoethanolamine, play
well-recognized roles in inflammation. They modify inflammatory processes by impacting
inflammatory cell signaling and gene expression patterns [63]. Additionally, glutathione
and taurine, the downstream products of cysteine, are both antioxidants, protecting the
cells from reactive oxygen species [64,65]. At the same time, 4-hydroxynonenal, which
contributes to oxidative stress, was reduced after the reaming [66]. Linolenate, a precur-
sor of arachidonate (an inflammatory mediator), was found to be increased, much like
corticosterone and cortisol, which are inhibitors in the proinflammatory pathway [67].
Kynurenine, a metabolite of tryptophan, was elevated in the post-reaming plasma, while
tryptophan itself declined, pointing towards an upregulated activity of the kynurenine
pathway [68,69]. It should be pointed out that the increase in the kynurenine/ tryptophan
ratio has been considered a marker for indoleamine 2,3-dioxygenase (IDO) activity [69].
Thus, based on the anti-inflammatory mechanism of IDO, the increase in kynurenine bene-
fits anti-inflammatory processes as well [70]. Due to the anti-inflammatory function, IDO
is considered a critical regulator in graft-versus-host disease, and as such the mediation
of IDO is important for implantable biomaterials [71]. Additionally, kynurenic acid, a
metabolite of kynurenine through transferase, decreased the release of TNF-a, further
reducing inflammation response [69,72]. Taking it all together, the metabolites profiling
after surgery indicated that the body tends to reduce the inflammation response after
wound healing.

Bone turnover markers, including the biomarkers of bone resorption, bone formation,
and osteoclast regulatory proteins, have been utilized to evaluate bone homeostasis. As
a result, the measurement of these markers can be employed to monitor the healing of
fractured bones [73]. Veitch et al. detected the alterations of these markers following
tibial shaft fracture in 24 weeks [74]. Both bone resorption and formation markers were
elevated, which was in line with the observation from the animal model study using sheep
conducted by Sousa et al. [75]. In the first two weeks, the catabolites of type-I collagen-like
C-terminal telopeptide (bone resorption marker) had a higher increase compared to the
bone formation markers, such as bone alkaline phosphatase and osteocalcin [74]. This
highlighted that the activity of necrotic tissue resorption is high at the beginning stage of
wound healing, following the reconstruction of bone tissue.

The metabolic signatures provide valuable clues to establish “the big picture” on
bone regeneration from critical injury. There are seemingly microscopic but significant
differences in defect and injury types; however, only a few studies are available. Therefore,
further metabolite profiling studies considering all aspects of bone injuries are needed to
understand the molecular mechanisms affected by injury and healing.

3.3. Rheumatoid Arthritis

Rheumatoid arthritis (RA) is commonly considered arthritis driven by autoimmune
pathogenesis. The analysis of joint tissue metabolism, especially with immune cells, can
ameliorate the understanding of pathogenesis and prognosis. The bone destruction of
rheumatoid arthritis happens mainly due to the abnormal activation of osteoclasts [76].
Therefore, the overactivity of osteoclasts stimulated by various factors may cause and/or
aggravate arthritis. Similar to the PUFAs in osteoporosis, n-6 PUFAs, as the precursor
of inflammatory eicosanoids, are responsible for the cartilage loss and inflammation in
RA [77]. The influence of n-3/n-6 PUFA intake on RA has already been extensively studied
among dietary studies and clinical medicine, which suggest increasing the intake of n-3
PUFAs such as DHA and to avoid the intake of n-6 PUFAs such as AA [63,78,79]. Another
fatty acid family, short-chain fatty acid (SCFA), is also relevant for arthritis. Lower butyrate
(SCFA) levels in the blood of RA patients and arthritic mice have been reported [80].
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The amelioration of the severity of systemic autoimmune inflammatory conditions was
achieved by oral administration of SCFAs [81]. Furthermore, the butyrate ability to suppress
the expression of inflammatory cytokines from T cells by promoting the expression of IL-10
has been demonstrated [82].

Energy metabolism is also abnormal in RA. Narasimhan et al. performed NMR-based
metabolite profiling of the serum from patients with rheumatoid arthritis to identify the
synovial joint biomarkers [83]. The metabolites with abnormal levels found in RA serum
were associated with the TCA cycles, fatty acid, and amino acid metabolism. Among them,
lactate and pyruvate were significantly upregulated. This can be explained by the higher
bioenergetic and biosynthetic demands in the inflamed tissue [83]. The RA metabolic
process of T cells that drives tissue inflammation could be attributed to the mitochondrial
defect [84]. The mitochondrial DNA containments trigger T cell tissue invasion in the
organelle assembled inflammasome and caspase-1. Another study demonstrated that the
sugar metabolism of fibroblast-like synoviocytes was significantly disturbed by RA [85].
Kim et al. also pointed out that the sugar metabolism level in RA is higher than healthy
people and higher than osteoarthritis, which makes it a distinct feature for RA [85]. As
presented in the previous chapter, a high glycolysis level is a characteristic of osteoclas-
togenesis from monocytic progenitors with an increased glycolytic genes expression [17].
This switch of energy consumption can explain the tendency towards glycolysis and mito-
chondrial defect in RA. The symptoms of arthritis are caused by the destroyed cartilage;
consequently, the abnormal enhancement of osteoclast and/or immune cell activity by
fatty acids or glycolysis level is closely related with the disease conditions.

3.4. Osteosarcoma

As the most common histological form of the bone cancerous tumor, osteosarcoma
causes severe symptoms by malignant neoplasia, threatening people of all ages [86,87]. A
clear presentation of metabolic heterogeneity in oncogenesis and metastasis benefits early
diagnosis and enhances the understanding of the clinical behavior of tumor tissue. Among
all the pathologies, osteoblastic tumor holds the highest proportion, followed by chondrob-
lastic and fibroblastic [86,88]. Several studies have been performed on osteosarcoma with a
focus on abnormal metabolisms. An NMR profiling on blood serum samples revealed that
energy metabolism was enormously altered throughout tumorigenesis [86]. The abnormal
levels of amino acids, fatty acids, and glucose were found, suggesting an alternative energy
source for cancer cells. In most cancer cases, glycolysis is considered to be the primary
energy source for tumor tissue, while oxidative phosphorylation level is decreased [89].
A similar decrease in TCA cycle metabolite levels was detected in an in vitro experiment
using osteosarcoma stem cells [90]. This preference for energic metabolism was verified by
metabolite enrichment analysis, of which metabolite biomarkers involved in the glycolysis
pathway were highly evaluated [90,91]. The lower TCA cycle level in osteosarcoma tumor
tissue was explained by the down-regulation of mitochondrial function, accompanied by a
reduction of glutamate, aspartate, and glutathione with an elevation of Gln [90,92]. The
mitochondrial dysfunction caused by the expression of metastasis genes in osteosarcoma
cells resulted in metabolic disorder and presented an aggressive phenotype [93].

The metabolite-based osteosarcoma biomarkers can be potentially employed not only
for diagnosis but also to monitor disease progression. These metabolites can be attributed
to the development of regulators for energy metabolism and cellular stress in osteosarcoma
tumor tissue. Besides, targeting metabolic pathways provides new therapeutic strategies.
For example, new osteosarcoma therapy targeting the amino acid metabolism of cancer
stem cells has been suggested [90].

3.5. Summary of Metabolic Pathways Relevant in Bone Diseases

To comprehensively identify metabolic pathways that are affected during bones dis-
eases, we conducted an integrating enrichment and pathway topology analysis from the
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data of Table 1 by using Metabo Analyst 5.0 [94]. For this, we used the metabolites that are
reported as significantly altered in osteoporosis, arthritis, and osteosarcoma.

The metabolic pathways prominently altered in both osteoporosis and arthritis are (1)
aminoacyl-tRNA biosynthesis, (2) arginine and proline metabolism, (3) arginine biosyn-
thesis, and (4) valine, leucine and isoleucine biosynthesis. At the same time, the most
altered pathways from osteosarcoma are (1) alanine, aspartate and glutamate metabolism,
(2) TCA cycle, and (3) arginine biosynthesis. Interestingly, a high degree of similarity of
the most altered metabolic pathways has been found between osteoporosis and arthritis.
This phenomenon may be caused by the pathophysiological similarity of these two dis-
eases: abnormal resorption of the target tissue by osteoclasts, macrophages and/or some
other immune cells. However, due to the limitation of the data sources and the diversity
of various original studies, this conclusion needs further research and discussion. Most
notably, arginine synthesis and metabolism are remarkably altered in all mentioned dis-
eases. The metabolism of glutamate, a precursor of arginine, is also involved in OS. The
immune system, therefore, plays a critical role in bone diseases as a regulator of immune
responses and arginine, and its related metabolic pathways have great value for the future
bone research [95]. It should be pointed out that metabolic pathways altered in bone
diseases have been previously reported to be relevant in other diseases. The control of
physiopathological processes such as angiogenesis, inflammation, and tumorigenesis is
related to aminoacyl-tRNA synthesis [96]. Arginine and proline have important roles in
wound healing, antioxidative reactions, and immune responses, as a result, the metabolites’
variation after tissue injury is rational [97]. Obesity and cancer risk are also linked with
proline metabolism, leading to various of complications [98]. The alteration of glycolysis,
TCA cycle and glutaminolysis are typical signals in cancers, [99,100]. To conclude, some
of the changes in metabolism observed in bone diseases reflect more general pathophys-
iological processes such as inflammation. Further studies are needed to elucidate how
bone diseases may influence or be influenced by other diseases under a certain physical
condition of the patients.

Table 1. Overview of reported metabolite changes in the different diseases, used analytical methods and corresponding
references.

Ref. Disease Technique Sample Type Metabolite Changes

1 Arachidonic acid, octadecadienoic acid, valine, leucine,
[46] POP GC/TOF-MS Rat plasma isoleucine, homocysteine, hydroxyproline, ketone bodies
| Docosahexaenoic acid, dodecanoic acid, lysine

T Lysophosphatidylcholine, phosphatidylcholine, ceramide,
phosphoserine

|} Uridine, hypoxanthine, xanthine, inosine, cytidine,
phenylalanine, leucine, carnitine, proline, arginine

[53] POP UPLC/Q-TOF-MS Rat bone tissue

1 Trigonelline, phosphocreatine, pyruvate, methylamine,
trimethylamine oxide

J Benzoic acid, dimethylamine, trimethylamine, threonic acid,
alanine, leucine, 2-ketoglutarate, allantoin, acetate, formate

[101] POP 1H NMR Rat urine

1 Arachidonic acid, homocysteine, homocysteine, ethanedioic

X $
147] POT GC/TOE-MS Ratplasma acid |, Alanine, malic acid, citric acid, fructose involved

1 Arachidonic acid, lysine, eicosadienoic acid, oleic acid,
[45] POoP GC-MS ‘Women serum linoleic acid, allose, tryptophan
J Homoserine, 3-hydroxy-l-proline, pyruvic acid

7T Lysine, linoleic acid, hippuric acid, octadecadienoic acid,
carnitine, glucose, arginine, S-adenosylhomocysteine,
ornithine, tryptophan, arachidonic acid,

[102] POP UPLC-Q-TOF/MS Rat serum methionyl-hydroxyproline
| Homoserine, 3-hydroxy-l-proline, pyruvic acid, citric acid,
estriol, 8-HETE, uric acid, glutamine, glyceraldehyde, palmitic
acid, 4-oxoretinol, taurocholic acid

T Leucine, isoleucine valine, alanine, N-acetylglycoprotein,
inositol, proline, glucose, glutamine, 1-methyl-histidine,
tyrosine

1 O-acetylglycoprotein, a-ketoglutaric acid, citrate, creatine

[103] DOP NMR Human plasma
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Table 1. Cont.

Disease Technique

Sample Type

Metabolite Changes

[83]

RA NMR

Human synovial

*+ Threonine, xanthine, methylsuccinate, glutamate,
methylmalonate, taurine, lactate, pyruvate, propylene glycol,
leucine, tyrosine, 3-hydroxybutyrate

| Creatinine, creatine, o-acetyl carnitine, L-carnitine, betaine,
choline, formate, glycine, asparagine, formate, acetate,
phenylalanine, succinate, pantothenate, fumarate,
acetoacetate, acetone, lysine

[85]

RA GC/TOF-MS

Human synoviocytes

7 Inosine, urate, guanine, behenic acid, palmitoleic acid,
arachidic acid, oleic acid, glucose-6-phosphate,
phosphogluconic acid, aspartate, adipate, asparagine

1 Isoleucine, leucine, leucine, histidine, valine, ornithine,
lysine, methionine sulfoxide, tryptophan, mannitol, xylose

[104]

RA LCMS

Human plasma

T Kynurenine, indolelactic acid, hypoxanthine, cholesterol,
triglyceride, lysophospatidylcholines
| Tryptophan, fatty acids, acylcarnitines

[105]

OA MALDI-MSI

Human bone marrow
MSCs

1 Arachidonic acid, oleic acid, stearic acid, dihydroxyacetone
phosphate, phosphatidylglycerol, phosphatidylinositol

| Myoinositol, phosphatidic acid, lysophosphatidic acid,
glutamine

[90]

0s UHPLC-QE-MS

Human osteosarcoma
stem cells

1 Aspartic acid, asparagine, glutamine, arginine, ornithine,
methionine, methylthioadenosine

| succinic acid, citric acid, aconitic acid, oxoglutaric acid,
ureidosuccinic acid

[106]

0s UHPLC-HRMS

Human serum

1 Adenosine monophosphate, inosinic acid, guanosine
monophosphate, hypoxanthine, lactic acid

J Uric acid, 4-hydroxybenzoic acid, testosterone sulfate,
iminodiacetic acid,
3-carboxy-4-methyl-5-propyl-2-furanpropionic acid,
decanoylcarnitine

[107]

0s GC-Ms

Human serum and urine

7 Cystine, 2-hydroxybutyrate, inosine, creatinine, putrescine,
aspartate, proline, galactopyranose

| Malate, fumarate, pyruvate, lactate, sucrose, dodecanoate,
glycerol phosphate, creatinine

[62]

Bone

Injuries UPLC-MS/MS

Trauma patient plasma

T Myristoleate, hexadecadienoate, octadecadienedioate,
choline phosphate, phosphoethanolamine, pregnenolone
sulfate, cortisol, glycerol 3-phosphate, beta-citrylglutamate,
trans-urocanate, kynurenate, cysteine, spermidine, cysteinyl
glycine

| Decanoyl carnitine, 2-hydroxyheptanoate,
4-hydroxynonenal, glycerophosphoethanolamine,
palmitoyl-linoleoyl-glycerol, stearoyl-linoleoyl-glycerol,
cholate, n-acetylglutamine, pyroglutamine, tryptophan,
cysteine s-sulfate

[108]

Bone

Injuries LC-MS/MS

Human bone marrow
plasma

1 Kynurenine

POP = postmenopausal osteoporosis; DOP = diabetic osteoporosis; RA = rheumatoid arthritis; OA = osteoarthritis; OS = osteosarcoma.

4. Metabolomics for Development of Bone Disease Treatment Methods

Metabolite measurements can provide valuable information to evaluate the response
and progress of cells or organism to treatment methods. In the field of bone disease
treatment development, currently, it has been employed in two main fields: osteoporosis
therapeutics and biomaterials.

4.1. Osteoporosis Therapeutics

Metabolomics can be applied to assess the therapeutic effect of drugs or dietary sup-
plements on the recovery of an OP disorder. The effect of dietary Vitamin D on the bone
metabolism of cats and dogs has been well reviewed [109]. The Icariin (IC) potential, a
Chinese herbal bioactive molecule, in inducing bone differentiation has been proved previ-
ously [110,111]. It was reported that oral administration of IC to OP-induced 54-week-old
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hens as a supplement eventually leads to an increase in the BMD level of both femur and
tibia by inducing changes in pyrimidine, taurine, and lipid metabolism. Furthermore, un-
targeted metabolomics of serum from hens treated with icariin helped identify eight altered
metabolites: uridine, taurine, palmitic acid, adrenic acid, 30 fexofenadine, lysoPC, lysoPE,
and 3-acetyl-11-keto-beta-boswellic acid, which can be considered markers for the early
diagnosis of OP [112]. Similarly, yak bone collagen peptides (YBPs) showed the ability to
induce bone differentiation in vitro. The enhanced effect of the intragastric administration
of YBP on bone recovery in OVX rats was reported. The UPLC/Q-TOF-MS metabolomics
of post-treated serum identified 41 potential biomarkers, mostly unsaturated fatty acids,
the positive effects of which on postmenopausal OP have been proven. Indicatively, YBP
supplementation demonstrated an increased DHA, arachidonic acid, taurine, citrulline,
and a reduced serotonin metabolite concentration [113]. Osthole (OS) is the main bioactive
integrant of Cnidium, which exhibited excellent treatment potential for OP. The ability of
osthole to be introduced as an effective drug for postmenopausal OP (POP) was investi-
gated. To this end, UPLC-Q-TOF/MS revealed that OS treatment leads to POP recovery
by the regulation of 19 of the 28 highlighted metabolites related to the OVX-OP model
(listed in Table 1). Osthole treatments revealed metabolic perturbations in amino acid, lipid,
carbohydrate, bile acid, purine metabolism, and TCA cycle [102]. Bone-protective effects
of lignin-rich fraction (SWR) as a Chinese herbal medicine were also reported. Serum
LC/MS metabolomics of OVX rats was performed following 12 weeks post-treatment of
SWR. The results proved that SWR administration leads to bone recovery by restoring the
levels of 26 metabolites corresponding to estrogen deficiency which are involved in lipids,
amino acids, tryptophan metabolisms, and anti-oxidative systems. In particular, upon
SWR treatment, upregulation of superoxide dismutase and catalase was observed while
serotonin was downregulated [70,114]. Additionally, metabolomics can provide valuable
data to determine bone tissue treatment a gents’ side effect. A serum metabolomics study
was performed to evaluate the side effects of long-term dexamethasone therapy in rats, and
abnormal bone metabolism along with weight loss was observed, which was consistent
with the reduced total ALP of serum. In detail, the dexamethason-treated rats exhibited
six-fold downregulation of phenylalanine, lysine, and arginine and an increased tyrosine,
hydroxyproline, and protein catabolism [115].

4.2. Biomaterials

Biomaterials are frequently used in surgical remediation of bone defects, especially
for critical defects caused by traumatic fractures and bone tumor resection. Cell-material
interactions play a critical role after the implantation of orthopaedic biomaterials. In recent
years, few studies have demonstrated that metabolomics is a promising strategy to study
that interaction and evaluate the implanted materials’ performance.

Poly-L-lactic acid (PLLA) has been used as implantable fracture fixation devices (bone
screws and plates) for decades [116]. To study the role of PLLA in osteanagenesis, Aratjo
et al. employed NMR-based metabolomics to assess changes in metabolic processes in
osteoblasts cultured on PLLA [117]. The decrease in glucose and triglycerides suggested
that the energy metabolism was upregulated upon the interaction of PLLA. Furthermore,
an increased lactate level followed by polymer breakdown can decrease the amount of intra-
cellular radical oxygen species, reducing the intracellular redox state [6]. Though biocom-
patible, with its long degradation period, chronic inflammation is still observed with PLLA
with the appearance of pro-inflammation cytokines (IL-13, TNF and MCP-1) [118,119],
even though the metabolism study of this chronic inflammation is still lacking.

Alginate hydrogel, a polysaccharide hydrophilic polymer with high water content,
is another material that has been widely studied in biomedicine. As a highly tailorable
polymer, the studies on alginate hydrogel scaffolds are usually performed in the context
of the changed material composition by incorporating additives such as ions, acids, and
peptides [120]. Oxidized alginate hydrogel functionalized by glycine-histidine-lysine, a
peptide fragment of osteonectin [121], was developed by Klontzas et al. [122], and the
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osteogenesis properties were studied employing metabolome analysis. The reduction of
lipid precursors, TCA cycle intermediates, and amino acid pools were observed in MSCs
cultured with the modified hydrogel. Physical properties such as topography and stiffness
of the material surfaces can also impact cell metabolism. Micro/nano surface structure has
been an attractive topic in tissue engineering [6]. Researchers from two studies, conducted
on titanium and polydimethylsiloxane, respectively, explored how the material surfaces
impacted the metabolome with pillars in a pike shape [123,124].

Enhanced mitochondrial activity and lower ATP levels were identified in adherent
cells, suggesting that macro pillars cause extra energy costs. The possible reason could be
the cytophagy of the spires; however, further studies are needed to elucidate the underlying
mechanisms. Additionally, material stiffness plays a role in adjusting cell behavior. Alakpa
etal. synthesized hydrogels with different stiffness and studied the metabolome of cultured
MSCs [125]. The steroid biosynthesis was enhanced in MSCs on hydrogel with a higher
Young'’s modulus (higher stiffness), while elevated glycerolipid biosynthesis level was
enhanced on the lower Young’s modulus one. These findings indicate that MSCs tend to be
osteogenically differentiated on rigid surfaces and chondrogenic differentiated on elastic
or soft ones. Mechanical signals can also alter cell metabolism, as shown by Villasefior et al.
Metabolite analysis of cell medium samples obtained from mechanically stimulated os-
teocytes revealed a high citrate excretion and a decreased level of aspartate [126]. These
alternations pointed to increased activity of the TCA cycle.

5. Conclusions and Outlook

Despite the overall maturity and broad application of metabolomics, it is still an
emerging technique in bone research. However, it has become apparent that metabolism has
a crucial role in bone homeostasis and disease at cellular and tissue levels. The metabolites
profiling and metabolism pathway analysis can be combined with gene analysis, enzymatic
activity assay, and biomaterial engineering to understand cell behavior at the molecular
level. Metabolomics clarifies molecular mechanisms that are involved in the process of
stem cell differentiation into bone-specific cells. This opens therapeutic possibilities to
use metabolites directly or activating them indirectly, helping small molecules accelerate
in vitro differentiation into bone cells and prevent unwanted differentiation. Despite the
excellent understanding of the metabolic landscape of individual cell types involved in
bone homeostasis, the interplay between these cells is currently understudied. It is apparent
that cell-cell interactions have a crucial role, and future metabolomics studies are needed
in this area. This could lead to new findings of metabolite signaling functions and the role
of the metabolic microenvironment on cell functions.

Metabolomics has been successfully used to study disease-induced metabolic changes
in vitro and in vivo and identify the potential biomarkers. Awareness of metabolic changes
in the patient can lead to early diagnosis of bone-related diseases. Metabolomics can
also accommodate a design of appropriate drugs to control the progress of the disease
by following the decrease or increase in an effective biomarker in a disease. 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 their side effect on the normal function of bone. So far, several drugs have been
designed to improve bone function, whereas their effectiveness can be challenged in
further metabolomics studies. Furthermore, future metabolomics studies could be helpful
to pinpoint the molecular targets for therapeutic agents.

The development and evaluation of biomaterials for bone regeneration is a fascinating
and novel application area for metabolomics. As demonstrated in the available literature,
biomaterial cues such as ions, oxygen, and regulatory metabolites affect cell metabolism
and may cause changes in metabolic pathways and regeneration scenarios. The metabolic
landscape of biomaterial—cell interactions appears to be uncharted territory. Although
plenty of studies have been conducted on how biomaterials” physiochemical properties
can impact different cell behaviors, few of them were combined with metabolites profiling
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or metabolomics analysis. A combination of metabolomics and osteogenesis confirmation
assays such as bone marker expression via a polymerase chain reaction, immunohistochem-
istry, and bone matrix mineralization could be a robust tool to guide the development and
evaluate the performance of engineered biomaterials with desirable properties.

Altogether, metabolomics in the bone study is a promising area for interdisciplinary
researchers, including material engineers, biologists, and clinicians.
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Abstract: The musculoskeletal (MS) system consists of bone, cartilage, tendon, ligament, and skele-
tal muscle, which forms the basic framework of the human body. This system plays a vital role
in appropriate body functions, including movement, the protection of internal organs, support,
hematopoiesis, and postural stability. Therefore, it is understandable that the damage or loss of
MS tissues significantly reduces the quality of life and limits mobility. Tissue engineering and its
applications in the healthcare industry have been rapidly growing over the past few decades. Tissue
engineering has made significant contributions toward developing new therapeutic strategies for
the treatment of MS defects and relevant disease. Among various biomaterials used for tissue engi-
neering, natural polymers offer superior properties that promote optimal cell interaction and desired
biological function. Natural polymers have similarity with the native ECM, including enzymatic
degradation, bio-resorb and non-toxic degradation products, ability to conjugate with various agents,
and high chemical versatility, biocompatibility, and bioactivity that promote optimal cell interaction
and desired biological functions. This review summarizes recent advances in applying natural-based
scaffolds for musculoskeletal tissue engineering.

Keywords: natural polymers; biomaterials; biodegradable scaffolds; musculoskeletal tissue; tissue
engineering

1. Introduction

The musculoskeletal (MS) system consists of bone, cartilage, tendon, ligament, and
skeletal muscle, which form the basic framework of the human body. The damage or loss
of MS-related tissues significantly affects the quality of life. MS disorders can be caused by
old age, traumatic events, autoimmune and degenerative diseases. According to the WHO
report, between one in three and one in five people worldwide suffer from the mentioned
disorders, which have the most persistent pain in non-cancerous cases [1-4].

The self-healing potential of MS-related tissues during injury depends on tissue type
and the degree of damage and inflammation. Whereas bones and skeletal muscles have
an adequate intrinsic ability for self-healing in minor injuries, the self-repair of severe
injuries and injuries to other MS-related tissues needs clinical interventions for complete
healing [5-7]. In these cases, donor grafting, a conventional clinical treatment, is limited
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due to prolonged recovery time, risk of infection, immunological rejection, and donor
site morbidity. To address these challenges, MS tissue engineering has emerged and
developed as an alternative therapeutic option to fully recover the patient by boosting the
spontaneously healing potential of the native tissues [8-10].

Tissue engineering provides an efficient approach for repairing damaged or lost tissues
by combining scaffolds, cells, and signaling molecules. To this end, a scaffold is an essential
part that can accommodate stem cells and biological cues such as small molecules and
growth factors. A scaffold-based strategy can be applied as a local tool to accelerate the
regeneration process [11,12]. Ideally, tissue-engineered scaffolds must be biocompatible
and non-immunogenic, and their degradation rate is commensurate with the re-formation
of new tissue. Additionally, these scaffolds should have the appropriate surface chemistry
for cell adhesion and the desired porosity for the transport of oxygen, nutrients, and
metabolic wastes. Furthermore, their mechanical properties should correspond to the host
tissue strength to sustain the regeneration of tissue during the healing process and induce
targeted stem cell differentiation to the host cells [13,14].

The fabrication of an artificial microenvironment with a suitable polymer should
mimic the host tissue’s native extracellular matrix (ECM) to guarantee successful tissue
regeneration. ECM is a dynamic three-dimensional structure composed of glycoproteins
and glycosaminoglycans, which have a tissue-specific proportion of these components and
architecture. This non-cellular component acts as a physical scaffold for cells and controls
cellular behavior such as homeostasis, adherent, proliferation, and cell differentiation
through biochemical and biomechanical signals. Therefore, host ECM simulation becomes
the most crucial part of scaffold design, especially for the scaffolds with incorporated
cells [15].

Natural polymers are desirable among various biomaterials used for scaffolding, such
as alloys, ceramics, and polymers. Figure 1 shows the natural-based polymers applied for
tissue engineering and their extraction source. Recently, various types of natural-based
polymer scaffolds with different architectures, including hydrogel, fibrous, solid porous,
and a composite with decellularized tissue, have been developed for MS tissue engineering
applications [5,16-19]. They offer superior biocompatibility, bioactivity, and high chemical
versatility for desired biological function. Based on their sources, natural polymers can
be classified into two main categories: (i) non-mammalian, which includes Marine algae
(Carrageenans, Agarose, Alginate), crustacean (chitosan/chitin), insects (silk fibrin), plants
(starch), microorganisms (xanthan gum, gellan gum, dextran), (ii) mammalian-based, in-
cluding proteins (collagen, fibrin, elastin) and glycosaminoglycans (chondroitin sulfate,
hyaluronan, and heparin). The basic structures of these polymers include proteins, polypep-
tides, and polysaccharides, which can mimic their various functions in the native ECM
when registered as an engineered scaffold.

Hydrogels are hydrophilic three-dimensional networks made of physically associated
or chemically crosslinked polymer chains that can uptake high amounts of water and
biological fluids. A key feature of hydrogels is the structural similarities to the ECM due
to their soft and flexible nature. Their physicochemical properties can be easily tailored,
allowing them to be used in various tissue reconstruction applications [20,21].

Fiber scaffolds with a high length-to-width ratio are among the most attractive poly-
meric constructions in the tissue engineering field due to resembling the fibrous microstruc-
ture of muscles and connective tissues cartilage, bone, ligament, and tendon. This fibril
architecture in various nano- and microscales plays an essential role in the mechanical
properties and regulation of cell differentiation behavior [22,23].
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Figure 1. Schematic diagram of natural sources of natural polymers and their application in muscu-
loskeletal tissue disorders.

Decellularized scaffolds prepared by removing cellular contents from native tissues or
organs provide an ideal scaffold by preserving the architecture, components, and ligands
of native ECM. Tissue-engineered grafts can be ex vivo re-cellularized with stem cells and
applied for organ transplantation to reduce immune rejection [8,24].

Solid porous scaffolds serve as a three-dimensional matrix with interconnected pores
and high porosity. This interconnected porous structure is essential for high-cell density
culture and tissue growth, especially for organ angiogenesis and bone formation. Fur-
thermore, their surface-to-volume ratio, crystallinity, porosity, and the size, shape, and
interconnection of pores can be controlled to adapt to different application requirements in
engineering various tissue types [25,26].

In this review, we describe the ECM structure corresponding to every distinct part
of musculoskeletal tissue, which is followed by short explanations of what disorders are
associated with them. We provide a concise review of recent advancements in natural-
based scaffolds for each musculoskeletal tissue type and shortly discuss challenges and
future directions.

It should be pointed out that the discussion about cartilage requires a separate article
due to the diversity of cartilage types (including hyaline, fibrocartilage, and elastic cartilage)
involved in the musculoskeletal tissue. Hence, this manuscript focuses on recent bone,
tendon, ligament, and skeletal muscle tissue engineering advances. The key properties of
these natural polymers are summarized in Table 1.
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Table 1. Characterizations of the natural polymers used in tissue engineering.
Materials Structure Sources Key Features Ref
The shell of crustaceans (crabs, Second most abundant natural polymer,
lobsters, shrimps, crayfish, and Biocompatible, Biodegradable, Bioadhesive,
Chitosan Linear polysaccharide king crabs) as well as mollusks Biologically renewable, Antimicrobial, [27-29]
(e.g., squids), cuticles of insects, Hemostatic nature, Non-antigenic, Antioxidant,
and cell walls of fungi pH-sensitive
Biocompatible, Biodegradable, Cytocompatible,
< i . Seaweeds and typically extracted Non-immunogenic, Mucoadhesive, Source
Alginate Linear polysaccharide from brown algae abundance, Low cost, Water-soluble, [50=9]
pH-sensitive, in situ gelation
Composed oftwokinds;  {The leaves ofiall greeniplanisiand, Biocompatible, Biodegradable, Biorenewable,
of polysaccharides, in the seeds, fruits, stems, roots, < . 5
Starch Low cost, Semicrystalline, High [34-36]
amylose, and and tubers of most plants and also i
n % mechanical strength
amylopectin in algae
Hyal " A major macromolecular Biocompatible, Biodegradable, Bioresorbable,
YRIEOmE Linear polysaccharide ~ component of the ECM in the most Limited immunogenicity, Recognized by cell [37-40]
acid " " . i oo
connective tissues surface receptors, Flexible, Unique viscoelasticity
Chondroitin Unbranched . Biocompatible, Biodegradable, Ea;ilg/ available, ;
sulfate polysaccharide A major component of ECM Immune- ing activity, Anti Y, [41]
Yy Antioxidant, Antitumor, Anti-coagulation
Marine red algae and also found as Biocompatible, Non-immunogenic, Water
Agarose Liner polysaccharide a support structure of cell wall for solubility, pH-sensitive, Electro-responsive [42,43]
marine algae activity, Thermoreversible gelation behavior
Bacterial : " Microorganisms belonging to the Blocomp_atlble, Bu?degr;.xdable, ngl.q
Linear polysaccharide f water-holding capacity, High mechanical [44-48]
Cellulose Gluconacetobacter xylinum 2 £
strength, Porous structure, High crystallinity
Bisnickad Biocompatible, Low cost, Easy to modify, Stable
Dextran ; Lactic-acid bacteria under mild acidic/basic conditions, [49-51]
polysaccharide
Slowly degraded
d Li skt S radai Viscoelastic and gelling properties, 2]
arrageenans inear polysaccharide arine red algae Anti-inflammatory, Antitumor 52
Minimal cytotoxicity, Ability to form hard and
P . Sphingomonas elodea or translucent gels which are stable at low pH, 5355
Gellan gum Lingar polysaccharide Pseudomonas elodea bacteria Thermally reversible gel in the presence of leg=5e]
metallic ions
Beaniched Biocompatible, Non-toxicity, Biodegradable,
Xanthan gum ched Xanthomonas bacteria Stabile under a broad spectrum of pH, [56]
polysaccharide i
Shear-thinning
Heparin Linear polysaccharide M.uco.sal tissues such.as the Antitumor, Antl—vlral,_A_n.gmgenesls 157,581
porcine intestine or bovine lungs regulatory activities
A major ECM component of most . Biocompatible, Biodegradable,
: s Y G Low-immunogenic, Hemostatic, High swelling =
Collagen Fibrous protein connective tissues within the o S a £ [59-62]
" ability, Low antigenicity, Capacity to facilitate
mammalian body
cellular attachment
Biocompatible, Biodegradable,
Gelatin Protein A hydrolysis derivative of collagen ~ Non-immunogenic, Elastic, Lower antigenicity, [63-66]
More accessible functional groups
Silk fibroin Protein Silkworms and spiders Bmcompatlble,. Blodegra(.:lable, Great wechamcal [67-71]
properties, Versatile processability
Biocompatible, Biodegradable, Possesses cellular
¢ x A major component in nail, skin, interaction sites
ieratin Polypeptide hair, horns hooves, wool, feathers Low-immunogenic, Intrinsic ability to 12231
self-assemble into three-dimensional structures
Fibrin Glycoprotein Fibrinogen Biocompatible, Blodegradable., Ability of [76-79]
monomers to self-assemble into a gel
A component in the ECMs of . . . -
Elastin Structural protein connective tissues (e.g., blood Biocompatible, Biodégradeble; Elasticity, [80,81]

vessels, esophagus, skin)

Self-assembly, Long-term stability
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2. Bone

Bone tissue consists of different types of cells and an extracellular matrix, which is
mainly composed of collagen proteins. The major functions of bone include structural
support, mechanical movement, hemopoiesis, and organ protection; it also acts as a body
resource of calcium and phosphate ions [82,83]. The resorption and formation of bone are
tightly regulated and orchestrated under bone homeostasis to keep skeletal integrity [84].
Bone tissue contains different types of cells, including osteoblasts, osteoclasts, and osteo-
cytes. Osteoblasts and osteocytes originate from mesenchymal stem cells (MSCs), while
osteoclasts are derived from hematopoietic stem cells. Ninety percent (90%) of the bone cell
population includes osteocytes, which act as the primary cells for bone formation, mineral-
ization, and regulating cell signaling. During the physiological process of bone remodeling,
the damaged bone is resorbed by osteoclasts, and new bone, which is generated by os-
teoblasts, is replaced [84]. There is a balance between osteoclast-mediated bone resorption
and osteoblast-mediated bone formation in healthy bone, which is controlled by several
coordinated signaling mechanisms. However, under certain pathological conditions, an
imbalance between these two processes may occur, leading to bone diseases.

2.1. Bone Extracellular Matrix

Type I collagen makes up most of the ECM in bone, and its orientation directly impacts
its mechanical properties. Collagen fibers arranged in a uniform and parallel pattern
reinforce the bone [85]. Apatite mineral crystallites comprise 65% of the total bone mass as
the inorganic part of the ECM [86]. The direction of collagen fibrils and apatite crystals in
ECM creates diverse mechanical properties in different bone types, e.g., being co-aligned in
a direction makes the bone stiff and tight [87,88]. Other important non-cellular components
of bone ECM are glycosaminoglycans, proteoglycans, cell adhesion cytokines, and key
growth factors [89].

2.2. Bone Structure

The complex and hierarchical bone structure is divided into different parts based on
macroscale (cancellous bone and cortical bone), microscale (Haversian canals, osteons),
sub-microscale (single layer of lamella with collagen fibers), nanoscale (collagen fibrils),
and sub-nanoscale (minerals, collagen molecule) (Figure 2). Spongy cancellous bone,
which is distributed on the surface of the bone, is made up of intertwined bone trabeculae.
Cortical bone (compact bone) is strong in compression and distortion due to its high density.
Osteons, which are cylinders that contain osteocytes, are placed parallel to the shaft of the
bone tube. Each osteon consists of lamellas surrounding the Haversian canal, containing
blood vessels and fiber arrays as its subunits, containing mineralized collagen fibrils made
of adjacent blocks adhered by crosslinkers. Collagen molecules comprise triple helix chains
that coil each other and are stabilized by internal bonds. Crystallized apatite, the inorganic
substance, is located between collagen fibrils [90].

The hierarchical structure in the cortical bone can be divided into six levels: (1) Macro-
structure level (>10 mm), which consists of cortical and trabecular bone types, (2) Mesostruc-
ture level (0.5-10 mm), where osteons array together, (3) Microstructure level (10-500 um),
where a single osteon contains interstitial lamella, (4) Sub-microstructural level (1-10 um),
which is also a single lamella, (5) Nanostructure level (10-1000 nm), which is a multi-
phase nanocomposite consisting of an organic phase, inorganic phase, and water, and
(6) Sub-nanostructure (<10 nm) in which molecules can be analyzed separately.
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Figure 2. The hierarchical structure of bone.

2.3. Bone Diseases

There are many bone diseases, usually leading to fractures and defects. Osteogenesis
imperfecta is generated by a defect in collagen and results in less organized bone; therefore,
the bone fails as it is faced with only minimal amounts of tension. Osteoporosis, the most
common bone disease, is characterized by decreased bone mass and deterioration of bone
structure [91]. The defects in osteoclastic bone resorption cause osteopetrosis disease,
which, despite increasing bone mass, will be followed by skeletal fragility. Osteosarcoma is
a common bone tumor that mainly occurs in the large bones and the knee [92].

Conventional clinical therapies for bone filling, such as autologous and allogeneic
bone grafts, suffer from several shortcomings, i.e., immune rejection, infection, insufficient
or missing osseointegration, and lack of a donor. Bone tissue engineering has emerged
as a novel method to hinder the mentioned risks. The new approaches for regenerating
damaged bone are developed using the tissue engineering triangle: signaling molecules,
cells, and scaffolds. Below, we summarize recent examples of natural-based polymers that
have been used for bone tissue engineering.

2.4. Natural-Based Scaffolds for Bone Tissue Engineering
2.4.1. Collagen

As the main organic matrix of bone, type I collagen has superior bioactivity and
biocompatibility as implants. However, the mechanical properties of collagen are not ideal
for hard tissue engineering. As a result, many studies of collagen-based scaffolds have
focused on improving strength, osteogenesis, and bioavailability.

Ceramics are usually used as enhancers to improve the strength of collagen-based
material owing to their great mechanical strength. Among these, hydroxyapatite (HA),
B-tricalcium phosphate (3-TCP), and bioactive glasses (BGs) are mainly employed with
collagen for bone scaffolds. HA and B-TCP can also provide essential elements such as
calcium and phosphorus for the bone matrix. Combining collagen-TCP composites with
other materials has been evaluated as a biomimicking matrix and delivery vehicle of growth
factors to improve their structural and biological properties [93]. 3-TCP can provide good
osteoconductivity and accelerate the degradation rate of the scaffold, which eventually
can be replaced by a newly formed bone. The optimal 3-TCP concentration should be
5-10 wt% to control the rapid release of Ca?* [94]. HA is the original component of the
bone matrix; therefore, its application for bone implants is widely studied. Although
HA has superiorities with non-reactivity, osteoconductivity, and outstanding strength to
composite collagen, the shortcomings such as the low degradation rate of HA still inhibit
the development of HA /collagen materials. As a result, biphasic calcium phosphate (BCP)
provides both the stability of HA and the biodegradability of 3-TCP and has emerged as a
promising future direction [95].
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Bioactive glasses (BGs) are silica-based biomaterials that contain SiO,-CaO-P,0s5
networks. The release of Na*, Ca?*, and Si*" can trigger osteoblast proliferation and
differentiation by stimulating osteogenesis. More importantly, due to the formation of
silanol active sites, it has been used for tissue binding and mineralization [96]. BGs offer
higher bioavailability and bioactivity due to their higher surface reactivity than HA and
B-TCP [97,98]. Ferreira et al. took advantage of the bioglass and carbonate apatite com-
posite mineralized collagen scaffold to promote human osteoblast differentiation [98]. The
composites could stimulate osteoblast differentiation and mineralization in vitro without
osteogenic dopants [99].

Synthetic polymers are also applied to enhance the mechanical properties of collagen.
Polymers such as polylactic acid (PLA) [100], poly lactic-co-glycolic acid (PLGA) [101], and
polycaprolactone (PCL) [102] are often used for collagen composites.

Nowadays, 3D printing is commonly used for polymer processing due to the rapid
development of this technology. The osteoconductive and osteoinductive properties of a
3D-printed PLA/collagen scaffold were proved by in vitro biomineralization tests [100].
Dewey et al. utilized fluffy-PLGA to reinforce mineralized collagen scaffolds to form a bone
mesh [101]. The in vitro tests showed that this composite could increase hMSC osteogenesis
and locally inhibit osteoclast activity to accelerate bone regeneration.

The biomimetically inspired approach is a promising strategy for forming osteogenic
and hematopoietic niches and shows considerable osteoinductivity by the expression of
cells and bone marrow stromal cell markers. Proteins and ions are frequently applied
as dopants to achieve biological purposes. Tadalafil is a phosphodiesterase (PDE) en-
zyme inhibitor that benefits angiogenesis by upregulating the expression of VEGF and
CYR61 as well as increasing the effect of nitrous oxide (NO) and the level of cGMP. The
Tadalafil/ B-TCP/collagen scaffold was prepared and further implanted in vivo in a rabbit
critical-size calvarial defect, and it led to accelerating osteogenesis following 6 weeks [103].
The substitution of magnesium ions (Mg?*) can induce angiogenesis through nitric acid
production [104-106]. A recent study utilized magnesium as the primary material co-
operated with collagen and HA to achieve a better degradation rate [107]. Copper ions
(Cu?*) are also available for bone implants. Culturing of pre-osteoblast cells on a porous
collagen/copper-doped bioactive glass scaffold showed enhanced osteogenesis and angio-
genesis [108]. Furthermore, when implanted in a chick embryo ex vivo model, it exhibited
potential for osteomyelitis treatment by limiting infection while enhancing angio- and
osteogenesis effect [108]. Other essential trace elements in the body play important roles in
bone metabolism’s anabolic and catabolic aspects. A collagen/HA porous scaffold incorpo-
rated with carboxyl-functionalized carbon nanotube (CNT) was developed to transplant
MSCs in Sprague-Dawley rats with parietal bone defects [109]. After 12 weeks of implant-
ing collagen/HA /CNT scaffold in a rat critical-sized calvarial defect model, favorable
biocompatibility and biodegradability were observed. Furthermore, the utilization of CNT
enhanced the mechanical strength and osteogenesis of the scaffold [109].

To offset the weaknesses of collagen, the reinforcement with ceramics and synthetic/
natural-based polymers is a promising solution for bone tissue engineering.

2.4.2. Gelatin

Gelatin is a hydrolyzed form of collagen derived from acid and alkali pre-treatments of
bovine and porcine collagen [65]. Gelatin has significant biocompatibility due to Arg-Gly-
Asp (RGD), which is available in its structure, promoting cell attachment, spreading, and
proliferation. However, the poor mechanical properties prohibit its direct usage for bone de-
fect treatments. Several studies focus on gelatin-based scaffolds incorporated with other ma-
terials to evaluate mechanical stability and the osteogenic differentiation of osteoblasts. Mi-
cro and nano-additives such as silica nanoparticles, polymer microparticles, and nano-HA
can be employed to improve mechanical strength and are additionally used as controlled
delivery systems for osteogenesis, angiogenesis, and drug agents [110,111]. The dopants
for biological functions usually aim at improved osteoinductivity, anti-inflammatory, and

144



Polymers 2022, 14, 2097

80f29

antibacterial ability. A study of an alginate-TCP—gelatin porous scaffold loaded with
dimethyloxalylglycine demonstrated an upregulation of angiogenesis markers [112]. Fur-
thermore, in vivo tracking of stem cells seeded on the scaffold demonstrated considerable
osteogenesis and angiogenesis potential. However, the sample’s mechanical properties
from this study lacked adequate strength to regenerate large-sized bone defects fully [112].
Although incorporating bioceramics can result in osteoconduction and mechanical strength,
the balance between porosity and strength is still a challenge for researchers. The strategies
to solve this contradiction include improving compositions, microstructures, and processing
methods. One such illustration is the gelatin-PCL-nanoHA composite scaffold prepared
by electrospinning [113]. The effect of several processing parameters such as porosity,
fiber diameter, pore size, and HA concentration was investigated. Three-dimensional (3D)
printing is more precise than electrospinning when a complex porous structure is needed.
A graphene/gelatin/chitosan/TCP composite was recently fabricated by Lu et al. through
additive manufacturing [114]. The combination of various materials and 3D printing
provides scaffolds with a complex 3D structure and antibacterial properties.

With many functional groups in gelatin, chemical modification is also an attractive
approach to developing gelatin-based scaffolds. Gelatin methacryloyl (GelMA), a pho-
tocrosslinkable gelatin, is one of the most studied. A recent study loaded metformin into
mesoporous silica nanospheres and then composited it with GelMA through UV light
crosslinking to form hydrogels [115]. Such a method can provide a stable release of loaded
drugs. In addition, Ca®" from HA can create a bridge with the hydroxyl group in GelMA,
forming a weak bonding between gelatin and HA [116]. Such composites’ cell viability and
biocompatibility are superior, and they are easier for in situ curing simultaneously.

2.4.3. Chitosan

There are various forms of chitosan-based scaffolds in bone tissue engineering, in-
cluding films, particles, hydrogels, fibers, and sponges [117]. Chitosan is introduced as a
linear polysaccharide and has favorable biocompatibility, bioactivity, and biodegradability
features. More importantly, chitosan contains free amino groups that can be protonated,
making chitosan modifiable with biochemical groups. The protonated amino groups allow
the electrostatic interaction with DNA, proteins, lipids, or negatively charged synthetic
polymers [118]. A study grafted GRGDSPK (RGD) or FRHRNRKGY (HVP) sequences on
chitosan and tested the sample with osteoblasts [119]. The functional groups improved cell
adhesion and proliferation. Despite this, the main drawback of chitosan is their low me-
chanical strength for load-bearing defects. Making a composite with mechanical enhancers
is usually applied to overcome this limitation. For example, a PCL fibrous scaffold was
introduced for the inclusion of chitosan nanoparticles for a rat model of the critical-sized
calvarial bone defect [120]. The hydrophilic nature of chitosan reduced the hydrophobic
nature of PCL nanofibers. The presence of chitosan also regulated cellular functions by
increasing protein adsorption, fluid uptake, and ALP activity. In another study, the incor-
poration of bioceramic into the chitosan matrix was evaluated [121]. The histopathological
and microbiological results of the composite in an osteomyelitis animal model revealed the
ability of chitosan and the calcium phosphate scaffold to induce cellular differentiation and
augment the osteoconductive and mechanical properties. The superiority of modification
and antibacterial properties make chitosan an excellent choice for functional bone implants,
while the suitable mechanical properties demand a prompt solution.

2.4.4. Alginate

Alginate, a natural and anionic polysaccharide, has a great potential for bone tissue
engineering due to its biocompatibility, gel-forming ability, and modifying capacity [31].
The studies of alginate scaffolds focus on improving biodegradability, strength, gelation
property, and cell affinity. Recently, palygorskite, bioactive glass, graphene oxide, and
PCL have been used to prepare composites with alginate for bone scaffolds [122-125].
Developing injectable alginate-based hydrogels with proper adhesivity and osteogenic
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activity for utilization in filling bone defects and cavities has always been a tempting goal
for researchers. Since complex chemical compositions usually cause difficulties in batch
productions, developing a binary component multifunctional alginate-based hydrogel
for bone regeneration was investigated. First, using an amidation reaction, dopamine
(DA) was grafted to alginate. Then, mixing strontium ions with Alg-DA solution resulted
in an injectable hydrogel with proper adhesivity due to catechol groups on Alg-DA. In
addition, over 8 weeks of in vivo studies on rats, the enhanced osteogenic activity of
strontium containing hydrogel scaffolds was indicated compared to hydrogels without
strontium [126]. Tunable void-forming alginate-based hydrogels are excellent choices for
filling bone cavities. Another study investigated the potential of alginate-based hydrogels
containing rat mesenchymal stromal cells for bone regeneration for critical-sized femoral
defects in rats. After 6 weeks post-surgery, the bone and tissue mineral density in the defect
site that filled with MSCs encapsulated hydrogel were much higher than the non-cell seeded
scaffold. However, none of the hydrogels could repair the defects completely [127]. Despite
the benefits, the absence of regulated biodegradability can have undesirable consequences.
It should be combined with other biodegradable polymers to eliminate this limitation.
One instance of these combinations is chitosan-alginate to repair the physical injury in
rats. The proposed hydrogel demonstrated significant controllable degradation that would
inhibit bone growth deformities, and also it showed the ability for loading chondrogenic
factors. Therefore, this scaffold can be a promising platform that improves physical injury
repair [128]. To sum up, alginate has excellent biocompatibility and devisable potential
with its functional groups; the limitations such as the strength and degradation of alginate
are still the research priorities in this field.

2.4.5. Silk Fibroin

Compared to other natural polymers, silk fibroin (SF) possesses several significant
advantages such as excellent biocompatibility, outstanding mechanical properties, and
biodegradability [129]. The fibrous structure is the typical characteristic of SE. SF scaffolds
with low porosity and thinner fibers can inhibit the immune activation of macrophages
and T cells. Yang et al. fabricated an SF-based scaffold with different porosity and fiber
thickness through electrospinning [130] and confirmed that the inflammatory response
could be regulated through different silk fibroin architectures.

Functionality for biomedicine has been one of the research focuses for SF. Recently,
the literature aimed to investigate SF’s cell adhesion, drug-loading capacity, and osteoin-
ductivity [131-135]. Some materials are usually applied to composite SF in hard tissue
engineering to improve the biological properties. For example, HA is frequently used to
coordinate SF for bone tissue scaffolds. The durability of silk fibroin can precisely make
up for the shortcoming of HA to form a scaffold with the ideal mechanical properties. The
HA-SF slurry demonstrated shear thinning behavior characteristics, making flow-based
injection more clinically convenient [136]. The mechanical study showed that injection and
compression molding could provide favorable strength for SF-based scaffolds. A compat-
ible combination between SF and HA has been studied in hard tissue engineering [137].
Similar to HA, bioactive glasses (BGs) are also suitable for mixing with SF to improve
biocompatibility and osteoconductivity. In a study, a composite scaffold comprised of
SF/BG was constructed by the 3D printing fabrication technique. Bone marrow stem cells
were seeded before transplanting into the back of nude mice [138]. The osteogenic ability
of the scaffolds was confirmed with enhanced osteogenesis-related genes (COL-1, OCN,
BSP, and BMP-2) expression. Synthetic polymers are also applied with SF for fiber scaffolds.
An SF-coated PCL scaffold developed by Xiao et al. could improve tissue arrangement
and remodeling and support a faster regeneration rate in the rat model [139]. The scaf-
fold’s porosity with electrospinning and gas-foaming technology was much higher than
traditional nanofiber mats.

The summary of natural polymer based materials for bone regeneration shown
in Table 2.
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Table 2. Summary of recent studies using natural polymers in bone tissue engineering.

Ref Applied Materials Cell Type Structure/Production Method Benefits
Core-shell
5 " Human osteoblast-like nanofibers/ freeze-drying Biomimetic porous 3D scaffold with gradient
[140] HA/gelatin/chitosan cell line (MG-63) method and calcium and layered microstructure
ion crosslinking
[141] Gelatin-alginate Human osteoblast-like ~ Nanocomposite scaffold/freeze ~ Enhanced compressive strength, 700% swelling
graphene oxide cell line (MG-63) drying technique ratio, slow biodegradation (~30% in 28 days)
Gelatin-bioactive Human osteoblast-like Macroporous Cantrolled, degrar.dalion of gelatin. scaffold, a.r\d
[142] F . + L enhanced mechanical strength by incorporation
glass-ceramic cell line (MG-63) composite/lyophilization S 4
of bioactive glass particles
[143] Carboxymethyl Human osteoblast-like Nanofibrous Ultrafine and splitting fibers, reduced water
i chitosan/PCL cell line (MG-63) scaffold/ electrospinning contact angle
Chitosan/honeycomb Boneanarrow Hierarchical porous Su“.abl.e poremze a]:\d l".lgh POTOStty f.or cell
[144] mesenchymal . viability, mineralization, proliferation,
porous carbon/HA structures /vacuum freeze-dried X 7
stem cells and osteoinduction
Human chondrocytes Porots grauient
[145]  Alginate/chitosan-HA and ﬁbroblasg scaffold /freeze-drying and High compression modules and porosity
crosslinking by calcium ions
Gelatin/alginate/ MC3T3-E1 Macroporous 3D spongy e s .
[146] polyvinyl alcohol pre-osteoblast cells scaffold/ cryogelation technique Antibacterial scaffold forbone fegeneration
1929 fibroblasts, D1 : "
[147] Gelatin MSC and Fiber scaffold /freeze-dried Enzymatically:crosslinked scaffold for
MG63 osteoblasts one regeneration
Multifunctional layered . . . .
[148] Gelatin/PLLA 1929 fibroblasts scaffold /electrospinning and Nl C; rtilages and subchondral
aa onereconstruction
3D printing
Strontium-Substituted Coculture of Porous 3D Useful for local delivery of strontium and
[149] : osteoblasts and . g N s
HA /Gelatin osteoclasts scaffold/ freeze-drying excessive bone resorption ability
: Human . . . -
Gelatin/PCL/nanoHA/ 3 ; Nanocomposite nHA and vitamin D3 have a synergistic effect
[150] adipose-derived th
vitamin D3 Stemcalls scaffold/ electrospinning on the osteogenic differentiation of hADSCs
Promoting bone regeneration and angiogenesis
Collapen Bhsiswiticdesosition via monocyte immunomodulation.
[151] Collagen/silica Lymphocytes f"infgi.b gl y hep"s ]f Differentiation of blood-derived monocytes
o ntratibrifar amorphous Sticd into TRAP-positive cells due to sustained
release of silicic acid
Fibroin/poly (lactide-co- Human Inducing cell adhesion and proliferation,
[152] BOJ) adipose-derived Hybrid nanofibrous scaffold favorable tensile strength, and
e-caprolactone)
stem cells surface roughness
Rat bone marrow Enhancing cell adhesion, diffusion, and
153, Fibroin/PLGA mesenchymal ore-shell nanofibers roliferation, promoting the
ibroin/PLG. hymal C hell fib prolifa p g the
stem cells osteogenic differentiation
[154] SF/cellulose /chitosan Hinmmat: os.teoblast Composite Porous scaffold Supporm?g cel.l prf)llfera.tlor.\ afid
cell line promoting biomineralization
[155] Fibroin/ gelatin Rat mesenchymal Coniposite HiicrocarHis Supporting cell adl»weslon, proliferation, and
stem cell elastic modulus
[156] Alginate /nano-HA Rat calvaria osteoblast Composites Good bwach»v 15 hl.gh bn?a.)mpaublhty,
antibacterial activity
Silk /calcium Bone marrow Glood !:uf)degradahon, cytocompanblllty,
[157] sz i : Hydrogel bioactivity, and the proliferation of bone
silicate /sodium alginate stromal cells
marrow stromal cells
Aljsiivits/ caldtht Enhancing cell viability, proliferation,
[158] 3 Stem cells Injectable microbeads osteogenic differentiation, and
phosphate paste b "
one regeneration
Alginate/ gelatin/ Rat bone marrow Higher proliferation, osteogenic differentiation,

=
3 apatite coating

stem cells

3D printed composite scaffold

surface protein adsorption, and Young’s
modulus for apatite-coated scaffold
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3. Skeletal Muscle

The skeletal muscle connects to the bones by tendons and forms nearly 40% of the
total body mass. Skeletal muscles play a significant role in skeletal support and movement,
regulation of metabolism, and temperature. Muscle fibers are composed of many myofibrils,
and myofibrils contain many myofilaments. Myofibrils are arranged in a unique pattern
to form sarcomeres [160], which is the basic contraction unit of skeletal muscle. The
two most essential filaments are actin and myosin, which are arranged uniquely to form
various bands on skeletal muscle. Skeletal muscle consists of multinucleated single muscle
cells called myofibers. Muscle stem cells are distributed at the periphery of the myofibers,
making up 1 to 5% of total muscle cells [161]. These cells multiply in response to mechanical
and chemical damage and cause growth, replacement, and repair of the tissue [162-167].
Skeletal muscles are joined to the nervous system for activation and contraction and the
blood vessels for the diffusion of nutrients and oxygen and waste effusion.

3.1. Skeletal Muscle ECM Structure

Skeletal muscle tissue’s extracellular matrix (ECM) is complex with a highly organized
structure [168]. The ECM plays a vital role in the growth, development, repair, muscle
elasticity, regeneration, cell function, and force transmission in the muscle [169]. In addition
to mechanical support for cells, the ECM also plays a host of signaling cascades [166].
The main components of the ECM structure are collagen, glycoproteins, proteoglycans,
and elastin. The most abundant collagen types in skeletal muscle tissue are collagen type
Tand III [170]. Skeletal muscle tissue has two separate parts of the ECM structure: the
basal lamina, which has a sheet-like structure, and intramuscular connective tissue, with
an organized structure consisting of three major parts, as shown in Figure 3 described
below [166,171].

Perimysium Endomysium

Fascicle

Muscle fiber (cell)

Myofibril
Blood capillary

Blood vessels
Figure 3. Structure of Skeletal Muscle.

The muscle is composed of myocytes arranged in bundles. The length of each cell
varies, and the cells are closely spaced and complementary in length. Each cell is wrapped
with a thin reticular membrane, which is called the endomysium; each muscle bundle is
enfolded with a connective tissue membrane mixed with glial and elastic fibers, which is
called the fascicle membrane; outside of each muscle, there is a thicker layer of connective
tissue, which is called the epimysium. The connective tissues of each membrane are
continuous, and the blood vessels and nerves distributed to the muscles enter along the
connective tissue membrane [165,166,168].
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3.2. Disorders

Injuries and disorders such as traumatic injuries, surgical procedures, and congenital
and acquired diseases that result in complete and irrecoverable loss of skeletal muscle
function have been known as volume muscle loss (VML). The standard VML treatment is
autologous transplantation of skeletal muscle from a cadaver or a donor. However, this
approach is costly and time-consuming, and it is associated with immune response and
donor site morbidity. Tissue engineering approaches have been developed as an alterna-
tive to overcome these complications. Many scaffolds combined with cells, drugs, small
molecules, or growth factors have been used in tissue engineering applications [172-174].

3.3. Natural-Based Scaffold for Skeletal Muscle Tissue Engineering
3.3.1. Keratin

Keratin is known as a carrier for the primary fibroblasts growth factor (obFGF or FGF-2),
insulin-like growth factor 1 (IGF-1), and vascular endothelial growth factor (VEGF) [172].
bEGF directly regenerates muscles by enhancing the proliferation of the satellite cells.
Similarly, IGF-1 plays an essential role in muscle maintenance and regeneration. VEGF is a
protein that plays a positive effective role in angiogenesis, which increases the longevity
of tissue-engineered skeletal muscle [172-174]. Keratin contains growth factors that sig-
nificantly elevate the formation of new muscle tissue, myofibers, and blood vessels and
reduce fibrosis [173]. The binding between those cytokines and keratin can prevent rapid
degradation and achieve controlled release [175]. The in vivo implantation of keratin hy-
drogel in combination with IGF-1, bFGF, or muscle progenitor cell (MPCs) as a scaffold in
rat tibialis anterior muscle VML injury model demonstrated significant improvement in
the regeneration of skeletal muscle tissue. In another in vivo study, the scaffold and MPCs,
VEGEF, IGF-1, and bFGF were examined. This study proved a diminished inflammatory
response and an enhanced muscle re-formation [174]. These studies suggested that keratin
hydrogel, along with growth factors, improves treatment performance in VML injury.

Keratin is also frequently mixed with synthetic polymers, especially PCL [176,177].
Commonly, the keratin composite scaffolds for muscle tissue are prepared by electro-
spinning. Keratin contains a large amount of nitrogen that produces NO, which is one
of the metabolism products of keratin [177]. Due to the catalytic generation of NO, the
PCL/keratin composite scaffold can accelerate endothelial cell growth and reduce smooth
muscle cell proliferation [178]. Such keratin-based scaffolds are a NO donor in the blood,
benefiting vascular tissue regeneration.

3.3.2. Collagen

Collagen is the central part of ECM, which increases the formation of new blood
vessels and muscular tissue [179]. The application of murine muscle-derived stem cells
(MDSCs) and collagen for the regeneration of muscle defects has been reported. The results
demonstrated better skeletal muscle regeneration, higher cell proliferation, and reduction
in fibrotic scar formation in the collagen scaffolds with MDSCs compared to only collagen
scaffolds [180]. In an in vivo study, a mice VML injury model was used to screen different
scaffolds. It was reported that collagen type I and an ECM hydrogel demonstrated better
cell viability and VML treatment. The following indicated that the ECM-based scaffold (in
comparison with the collagen type I hydrogel) led to the highest number of myofibers [181].

Collagen and glycosaminoglycan (GAG) (chondroitin 6-sulfate) were applied as a
scaffold to regenerate a mice VML injury model. Chondroitin sulfate is one of the most
critical components in cartilage structure and plays a vital role in the formation of skeletal
muscle tissue and the regeneration of muscular tissue [179]. The collagen—-GAG scaffold
led to elevated expression levels of growth factors related to muscle tissue. A mice VML
model treated with the scaffold also showed a reduction in fibrosis compared to untreated
VML [179]. The research on collagen composites for muscle tissue engineering often con-
tains synthetic materials. PCL, polypyrrole (PPy), and polyvinyl alcohol (PVA) have been
recently used with collagen for skeletal muscle tissue engineering [182-184]. These combi-
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nations can reinforce collagen and provide various functions for the scaffolds. For instance,
collagen mixed with conductive PPy nanoparticles promoted cell adhesion, growth, and
proliferation [182]. Furthermore, enhanced myotube formation and maturation were found
in another collagen/PPy implantation study [185].

Muscle is well-aligned tissue with fibrous structures at various levels. Therefore, the
scaffolds for skeletal muscle tissue should be aligned. A murine model used collagen-
aligned scaffolds comprising mouse myoblast and human microvascular endothelial cells
to treat VML injury. The results indicated that collagen-aligned nanofibrillar scaffolds
promote the regeneration of skeletal muscle and angiogenesis in comparison with randomly
oriented ones [186]. Lotus-root-like collagen scaffolds prepared by Hwangbo et al. showed
a more bio-stimulating structure than conventional collagen struts [183]. The aligned
hierarchical microtubular collagen niche can enhance cell adhesion and promote myogenic
differentiation and maturation. Such a porous structure is also necessary for angiogenesis
in soft tissue regeneration.

3.3.3. Alginate

This abundant biopolymer is not only biocompatible and has low toxicity but also
exhibits a temperature-independent gelation process in the presence of divalent cations,
making it an excellent candidate for tissue engineering [187]. The partial oxidation of
alginate is a common way of controlling biodegradability, and it is mainly used for tissue
regeneration purposes [188]. The wet-spun fabrication of alginate fibers containing muscle
precursor cells is reported to be efficient for muscle recovery based on an in vivo study
on a mouse model [187]. Another work used an injectable 3D RGD-coupled alginate
scaffold to deliver gingival mesenchymal stem cells for muscle regeneration and confirmed
effective muscle regeneration in mice [189]. Oxidized alginate-gelatin bioink was also
used for 3D printing of mouse myoblast cells (C2C12). The results showed that the proper
selection of nozzle size extrusion pressure could affect cell orientation and migration in
the printed scaffold for muscle regeneration [190]. A new approach was also reported for
muscle regeneration exploiting the interplay between specific cell membrane receptors.
This research utilized borax-loaded alginate hydrogels to stimulate the borate transporter,
NaBCl. In vivo studies of this approach on mice showed a successful acceleration of the
muscle regeneration process [190].

3.3.4. Laminin, Fibrin, and Gelatin

Laminins are heterotrimeric glycoproteins that are naturally formed by the muscle and
localized in ECM consequently. A new hydrogel consisting of fibrinogen and laminin-111
(laminin-111 enriched with fibrin) was applied to treat a murine model of VML injury. The
different properties of laminin trimers allow cell receptors to regulate different cellular
pathways [191]. The LM-111 scaffold significantly improved muscle weight and increased
the penetration of satellite, endothelial, hematopoietic, and immune cells [192]. Adipose-
derived stem cells (ASCs) can be used in muscle tissue engineering applications. The
combination of ASCs and electrospun fibrin fibers can mimic the native tissue. Following
in vivo implantation, the ASCs seeded on a fibrin scaffold did not significantly enhance
muscle regeneration [193].

In situ bioprinting of GeIMA hydrogel was employed to treat VML injury. The use of
encapsulated cells in this study led to the formation of multinucleated myotubes [194]. The
most attractive part of this study is the direct-printing technology used in the defect area.
In situ crosslinking allows surgeons to fill VLM injury rapidly and adequately, significantly
improving tissue regeneration and functional recovery.

Recently, Hwangbo et al. used an in situ UV crosslinking hydrogel to treat VML by
two different bio-inks, GelMa and C2C12 or GelMa and human adipose-derived stem
cells (hASCs). They optimized printer parameters such as barrel temperature, number
of UV light sources, UV exposure dose, and wall shear stresses at the first step. Next,
bio-printed structures laden with hASCs were implanted into mice as in vivo tests and
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showed a significant improvement in muscle regeneration. Based on the reported result,
they developed a promising in situ crosslink GelMa construct for treating VML [195].
Natural polymers alone are not suitable for treating injuries such as VML due to their
poor mechanical properties. Thus, combining hydrogels, growth factors, and cells increases
skeletal muscle regeneration.
The summary of natural polymer based biomaterials for skeletal muscle regeneration

is shown in Table 3.

Table 3. Summary of recent studies using natural polymers in skeletal muscle tissue engineering.

Ref Applied Materials Cell Type Structure/Production Method Advantages
3D, highly aligned, and electrically
conductive collagen scaffold via i g i conduevity by sl
[196] Collagen/PPy C2C12 mouse myoblast directional lyophilization of a RN -=bosrniaal (;C ‘)‘ yPyusing
polypyrrole-doped pelypyole By,
collagen suspension
Increased IGF1 mRNA and, Akt, p70S6K,
C2C12 murine skeletal o : and 4EBP1 phosphorylation, along with
(o7 Collagen muscle myoblast cell Fused deposition modeling (FDM) myotube hypertrophy and improved
designed muscle functionality
[198] Alginate/Gelatin/ Human skeletal muscle Hyd, 1 Cost-effective and an alternative for
; Heparin progenitor cells (hSMPCs) yaroge commercial biomaterials
7 Mesenchymal stromal IGF-1 and VEGF165 had significant effects
99
1) Alginate cells (MSCs) Hydrogel on muscle progenitor cells
. : e Alginategelatin hydrogel is a simple and
[188] Alginate/Gelatin C2C12 Extrusion-bioprinting of hydrogel Cost-efficient biodegradable bio ink
Myotube production was established
1200] Gelatm/Hvyaluromc c12 Hydrogel throughout the. hyc!mgel when both gelatin
acid and hyaluronic acid were present, and no
shrinkage occurred
C2C12s are encapsulated and
o elecl‘ﬂ)spun into 5
[201] Fibrin/Polyethylene cc12 fibrin/polyethylene oxide (PEO) Loading C2C12s as cellular aggregates
oxide (PEO) N . ) increasing cell viability
microfiber bundles with aqueous
solution electrospinning.
Adipogenic differentiation was decreased
Muscle progenitor cell by myogenic differentiation but not
[202] Fibrin (‘;\;CPECP) “g? OLLETS Hydrogel prevented, and MPCs produced from
) adipogenic diabetic animals had a higher capacity for
adipogenic differentiation.
[203] Fibrin/Laminin cacn2 Hydrogel Integrating laminin°L1 {inio fibrin
hydrogels is possible
Three-dimensional engineering of
v o g skeletal muscle tissue using To promote tissue formation, myoblasts
(2041 Fibrin/Alginate etz electrospun fibrin microfiber should undergo biophysical stimulation
bundles
AP ki oS Enhancing the regeneration of functional
[205] Fibrin/Thrombin c2C12 - DRRS 5 muscle tissue by tuning the topographic
fibrinogen and thrombin
features of scaffolds
Bnaryinmamniidistal The Young'’s modulus increased twofold,
[206] Fibrin/Collagen Y oxeie Hydrogels maximum strain decreased 2.5 times, and
muscle cells e N B
collagen deposition increased 1.6 times
GelsHA me A e Under single UV exposure, silicone Increased uniaxial strain ratio of up to
[207] (GelMA) ¥ €12 tubes-based coagulant produces 35-45% and significantly improved
© cell-laden GelMA microfibers myotube contractility
[208]  Fibrin+ Alginate  Primary human myoblasts Injectable gel OptimizatonGimychlastransplaritation

can include consideration of cell state
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Table 3. Cont.

Ref Applied Materials

Cell Type

Structure/Production Method

Advantages

The use of 3D printing to create

Fibrin/ Alginate/ Human umbilical vein : They developed a very cost-effective 3D
12091 Collagen endothelial cells (HUVEC) scaf]folds composed of multiple gel printing system
ayers and hollow channels
Masericlemal stari When myogenic differentiation occurs,
[210]  Fibrin/Collagen-I s (i/ISC s) © Parallel nanofiber electrospinning IGFBPs play a role, varying based on
2 & culture and stimulation conditions.
x SW033291 increased MDSC myogenic
[211] Fibrin Musclli&?;g;g s)tem Gel differentiation and myotube creation in a
cels & significant way.
The dECM components accelerated
[212) Gelatin cc12 Cell-based 3D bioprinting myogenicdifferentiatian, while
topographical cues caused
cellular alignment
Myoblasts organize themselves around this
[213] Gelatin €12 Cryogel pore structure and colonize the entire
three-dimensional structure
[214] Gelatin/Chitosan 1929 fibroblasts cell line Hydrogel-3D printing Increased cell viability
Adding calcium peroxide (CPO) as an
: A . & 5 oxygen-generating source to bio-ink can
[215] Gelatin/ Alginate C2C12 Hydrogel-3D printing improve cell metabolic activity in
Gelma bio-ink
: Soft substrates can support longer-term
[216] Gelatin C2¢12 Hydrogel cell cultiive
o - Bovine satellite Up to a 15-fold increase in myoglobin
12171 Hibrin cells (BSCs) Hydrogel expression in vascular smooth muscle cells
An increase in sarcomere formation in
[218] Gelatin €12 Hydrogel myotube cultures using micropatterned

gelatin hydrogels

4. Tendon and Ligament

Despite having essential and unique functions in the musculoskeletal system, research
on tendons and ligaments is not as advanced as the rest of skeletal tissues [219]. Tendons
and ligaments are very similar but still distinct connective tissues. According to this,
tendons are fibrous tissues that join skeletal muscle to bone, making movements possible
through force transmission from muscles to bones [220]. At the same time, ligaments are the
dense fibrous connective tissue that connects bone to bone [221]. The transmission of these
tensile forces by tendons and ligaments makes them susceptible to tearing or complete
rupture, depending on the amount of the force [222].

The use of natural and synthetic polymers for tendon and ligament tissue engineering
has been investigated for years, and obviously, each has its pros and cons. For example,
better cell attachment to synthetic scaffolds with dense, fine, and aligned fibers and a
tendon-like cellular phenotype on synthetic scaffolds have been reported. On the other
hand, biological scaffolds promote better cell proliferation and the expression of collagen
genes, the most abundant molecular component in tendon and ligament [223]. Hence,
using both natural and synthetic polymers to maintain both biological and mechanical
requirements simultaneously seems logical.

4.1. Tendon and Ligament ECM Structure

Tendons and ligaments have very similar ECM components and structures. At the
microscale, they both have wave-form patterns with fibers oriented parallel to the stress
axis. They are straightened when put under tension and reconverted when released. They
both have a hierarchical structure, beginning with collagen molecules, fibrils, fiber bundles,
fascicles (considered the basic functional unit of the tissue), and ultimately tendon and
ligament units [224,225] (Figure 4). The tensile strength of the tendon is reported to be
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about 50-150 MPa, and its elastic modulus is about 1200-1800 MPa, while the ligament
has a tensile strength of about 50 MPa and elastic modulus of about 150-355 MPa. They
both have a certain degree of plasticity for adaption to changing stresses [225]. They both
follow the elastic model up to a certain amount of strain. Afterward, they will undergo
microscopic failure, and further strain may lead to a total rupture of the tissue [226].

Endotendon ) / Collagen fibril
N
Q |
Tendon = Collagen fiber
stem cell '

Figure 4. The hierarchical structure of tendon and ligament.

The chemical composition of the tendon and ligament is very similar, with a slight
difference in the number of components. The main component of both tendon and ligament
is water, 60% to 80% in weight [220,221]. They contain a protein phase (collagen) and a
polysaccharide phase (proteoglycans). Collagen type I is the most abundant protein in
the tendon and ligament [225]. It constitutes about 60% of the tendon’s dry weight and
corresponds to 95% of the total tendon collagen. The other 5% involves mainly collagen
types IIT and V. There are minimal amounts of collagen types II, VI, IX, X, and XI. On
the other hand, ligaments contain more protein, less total collagen, and greater amounts
of type III collagen and GAGs [221]. While many of these collagen types’ full biological
and biophysical roles are still unclear, some specific functions of each type have been
identified [224]. Elastin is another important component of both tendon and ligament,
which is responsible for recovering the native configuration after stretching [226]. The
proteoglycans found in tendons and ligaments, including decorin, aggrecan, tenascin C,
fibronectin, fibromodulin, biglycan, and lumican, have specific functions mainly to organize
and lubricate collagen fiber bundles [219,226].

Tenoblasts and tenocytes are the two main cell types present in tendons. Tenoblasts
are very active spindle-shaped immature tendon cells that can be found as clusters in
some areas of tendons. They are the predominant cell type in the tendon that can mature
into tenocytes with fibroblastic morphology and low metabolic activity. Other types of
cells present in the tendon are progenitor cells, synovial cells, endothelial cells, and even
chondrocytes [221]. The primary cell type of ligament is fibroblasts, and these cells help in
the production of collagen and matrix remodeling by the degradation of the pre-existing
collagen [225].

4.2. Disorders

Lesions of tendon and ligament account for over 40% of musculoskeletal injuries [227].
These injuries are widespread in the elderly and very physically active persons such as ath-
letes. Half (50%) of all sports injuries are related to lesions of tendons and ligaments [228].
Two of the most common ligaments exposed to the risk of injury are the Anterior Cruciate
Ligament (ACL) and Deltoid Ligament (DL) of the ankle. Ankle sprains or sports accidents
are the leading cause of injury to ACL and DL [229,230]. The most common tendons
exposed to the risk of injury are the Achilles tendon, Flexor/Extensor tendons of the hand,
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and the rotator cuff shoulder tendons [231]. The hypocellularity and hypervascularity of
these tissues reduce their natural intrinsic healing ability. Thus, full recovery is relatively
difficult [232]. The healing process follows three typical steps: inflammatory, proliferative,
and remodeling phase. The latter is characterized by the alignment of collagen fibers
parallel to the axis of muscle force direction, which plays an important role in the recovery
of biomechanical properties of the tissue. Natural healing typically forms scar-like tissue
with poor biomechanical properties that cannot have the proper functionality. The most
common mode of surgical repair for these injuries involves using different suture tech-
niques for reattachment. However, this method’s high chance of failure and re-rupture
provides excellent room for improvement. Crosslinking agents, bio-patch, or grafts to
cover the ruptured area and the sutures for strengthening the repair of ruptured connective
tissue have been proposed to overcome the failure and re-rupture [233]. The gold stan-
dard for surgical procedures is autografts, which have several limitations. As alternative
commercialized allografts and xenografts are available, these have the risk of rejection and
disease transmission. None of these approaches is considered the best [234]. However,
using these tissue engineering techniques is necessary because an aberrant natural wound
healing would result in excessive collagen synthesis and the formation of scar-like tissue
(fibrosis) with poor biomechanical functionality [235]. Therefore, a sound understanding
of the production and assembly of type I collagen fibrils is fundamental for tendon and
ligament biomaterials engineering [236].

4.3. Natural-Based Scaffold for Tendon and Ligament Tissue Engineering

Despite all the valuable research in tissue engineering for tendons and ligaments
in recent years, there are still many material and method selection challenges. Multiple
factors should be considered when developing new therapies: on the one hand, perfect
biocompatibility, proper biodegradability, and the ability to mimic the native ECM of the
targeted tissue. On the other hand, having good functionality and biomechanical properties
have made it difficult for researchers to agree on one biopolymer. Recently, collagen and
silk have attracted much interest in this research area.

4.3.1. Collagen

The first material that has been considered for tendon and ligament implants is colla-
gen type I, as it is the most abundant polymer in the structure of the tendon and ligament.
However, natural polymers alone usually lack the required strength and biomechanical
properties. A common way to increase the mechanical properties of natural polymers is to
use them along with synthetic polymers. In 2021, the use of hybrid material of poly-L-lactic
acid (PLLA)-based copolymers with collage/chondroitin sulfate was investigated [236].
After implantation in rats, it was observed that the collagen/chondroitin sulfate/PLLA rod
enhanced cell proliferation and in vivo collagen fibrillation, suggesting benefits for tendon
regeneration. In another study, electrospun PCL fiber was composited with collagen to
fabricate the ligament scaffolds. With its outstanding elasticity, PCL is a perfect match
with natural polymer for tendon and ligament repair [236]. The porous core-shell scaffolds
were also doped with proteoglycans and glycosaminoglycans (GAG). Both are essential
components of ECM, allowing cells a more appropriate space for migration. At the same
time, growth factors can be applied to improve the performance of collagen scaffolds. One
recent study confirmed that collagen sponge scaffolds with TGF-1 and GDF-7 can promote
tenogenic differentiation [237].

4.3.2. Silk

Silk attracts much interest from researchers to fabricate artificial scaffolds for tendons.
As a linear material, the mechanical properties of silk fibroin are anisotropy, leading to
the possibility of anisotropic functionalization. Chen et al. fabricated a gradient bio-
mineralized silk fibroin nanofibrous scaffold [238]. The combination of silk fibroin and
synthetic polymer has also been investigated. For example, nano-yarn scaffolds made of
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PLLA/PCL/silk fibroin for ACL reconstruction in rabbit were reported [239]. In this study,
both sufficient cellularity and higher modulus and stiffness are reported after 12 weeks of
implantation compared to the control group due to collagen and silk.

In recent years, there have also been other studies using other natural biopolymers
such as chitosan, alginate, cellulose, and fibrin [240-244]. Hybrid natural polymers like
alginate—chitin scaffold that improved supraspinatus tendon-to-bone healing in vivo is also
reported [245]. These studies are summarized in Table 4.

Table 4. Summary of recent studies using natural polymers in tendon/ligament tissue engineering.

Ref. Applied Materials Cell Type Structure/Production Method Advantages
. Knitted silk covered by
[241] Silk/Collagen 1929 fibroblast cell line electrospun _
Polyurethane
collagen/polyurethane
@ Tendon stem progenitor Knitted silk scaffold dipped in
[240] Collagen/Silk cells (TSPCs) collagen solution (in vivo study) Macroporous structure
[242] Alginate/Polyacrylamide Hydrogel scaffolds dried Scaffold production
Silica Microparticles — under stretch under tension
. . Aligned fibrous hydrogels dried Scaffold production
[243] Alginate/Cellulose I s stiotch der tersion
Rabbit bone
[244] Fibrin Mafrow-derived 2D and 3D fiber based structures Useiof different
mesenchymal stem growth factors
cells (BMSCs)
Collagen/Nanocarbon Electrospun ’
[245] fibers . collagen/nanocarbon fibers Use of nanocarbon fibers
7 : Human mesenchymal stem y Use of invaluable
[246] Bacterial Cellulose cells (hMSCs) Bacterial cellulose sheets bacterial cellulose
PCL/CHT/CNC Fenorcdenvediediisrand Aligned electrosPun nanofiber Relnf9rcement Of.
[247] (Cellulose adi tem cell: threads, braided and mechanical properties
Nanocrystals) pose stem cells woven scaffolds by CNC
o Reinforcement of
[248] PCL/CHT Hymsitendon-dlerivyed, Electrospun nanofibrous scaffolds mechanical properties
CNCs cells (hTDCs) b
y CNC
CT scans of fiber to
[249] PLLA/Collagen _ Electrospun fibrous structure compare the morphology
with native tendon
Scaffold production using solvent
[250] Collagen/PCL C2C12 cells casnng‘and frleeze drying Highly interconnected
including a porous scaffold
subsequent crosslinking
T Taeo o Investigation of scaffold
_ Directional solidification J
[251] Collagen-GAG Equine tenocytes of scaffolds pore size and

crosslinking density

5. Conclusions

Current natural polymer scaffold research for MS tissue engineering focuses on im-
proving existing materials and preparation processes and exploring novel naturally inspired
materials. The number of studies using only one natural polymer for MS tissue engineering
is declining in recent years, while compositing different materials together is becoming
more popular. A single polymer cannot satisfy all the expectations and requirements for a
perfect scaffold for MS tissue engineering purposes. However, a combination of polymers
may contribute to the structure’s cellular and mechanical aspects. An ideal strategy is to
take advantage of each type of material and combine them. The development of natural
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polymer scaffolds has become a hot spot in the research field. Moreover, it has shown
excellent application prospects, giving various possibilities for developing artificial organs,
injury repair, and disease treatments. It will promote tissue engineering research forward
to a mature stage.

Considering recent research, natural polymers have many merits as implantable
materials for MS tissue engineering. However, natural polymer-based implants have
specific issues that need to be addressed: (1) Natural source polymers are uncontrollable
from the initial production phase. As a result, each batch of natural biomaterials might
have a varied quality. Therefore, it is necessary to harmonize the quality standards of
materials, strictly control their quality, and strengthen the research of fundamental theories
such as the properties and structure of materials. (2) There is a contradiction in mechanical
properties, degradation speed, and permeability between biopolymers. Polymers with high
molecular weight or stable structure usually have higher strength, and their degradation
speed and permeability are challenging to meet the requirements in tissue engineering,
especially in in vivo and clinical studies. Advanced strategies to break through this barrier
are promising in polymer science (3) The development of composited biomaterials to meet
the requirements of different tissues works very well. However, more research should
be completed with different compositing methods instead of simple mechanical mixing.
The more complex chemical and/or physical structures would enable accomplishing the
regeneration mission compared with a widely used homogeneous structure. (4) The
adhesion of cells on natural polymers needs to be further studied. Physically speaking,
topology, hydrophilicity, nano/micro pattern, macromolecular structure adjusting, and
other polymer characteristics can cater to the cells’ requirements. From a biological point of
view, the superior biocompatibility of natural-origin polymers makes them stand out among
other materials. Taking natural polymers as one of the first considerations when facing the
challenge of inflammation is reasonable. Chemically speaking, the ability of grafting is the
most significant advantage of natural biopolymers and should attract widespread attention.
The functional groups, such as carboxyl, hydroxyl, and amidogen, provide potential for
design, modification, and functionalization. Apart from this, the metabolites of degraded
polymers might have a functional contribution to tissue regeneration and have not been
researched extensively. Other study methods such as drug or micro/macro-molecular
doping are also the research focuses. In addition to these obstacles, existing natural
biological materials, including their derivatives, have tremendous potential for further
research and development, such as the chemical modification of chitin and hyaluronic
acid to produce a variety of derivatives, making it more suitable as a scaffold material in
musculoskeletal tissue for clinical application.
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ABSTRACT: The Cell Counting Kit-8 (CCK-8) cell viability assay, also known as WST-8, is widely recognized for its nontoxic
nature, making it suitable for further studies on treated cells. This practice is commonly observed in the field of tissue engineering.
While live/dead imaging may not readily reveal macroscopic differences, our investigation has uncovered significant intracellular
metabolic changes. Notably, we observed substantial down-regulation of metabolites within the glycolysis and pentose phosphate
pathways. These metabolic alterations predominantly affect energy metabolism and may potentially impact the cellular redox
environment. In light of these findings, we strongly recommend that researchers exercise caution when using cells treated with CCK-

8 in subsequent experiments.

he Cell Counting Kit-8 (CCK-8) assay has been widely

used in the assessment of cell viability and cytotoxicity.
While CCK-8 is commonly employed as an end point assay, it
is also frequently applied multiple times within the same
experimental group, particularly in the fields of tissue
engineering and material research (Figure S1)." Researchers
frequently conduct multiple characterization experiments on
the same sample in succession, often including the use of
CCK-8, as a practical means of conserving both time and
resources. The minimal toxicity exhibited by CCK-8 facilitates
its application in treating cells for successive cell proliferation
assays, including crystal violet assay, neutral red assay, or DNA
fluorometric assay. However, it is important to acknowledge
that uniform viability across different living cells might not
precisely portray their cellular conditions. Moreover, the
specific intracellular molecular changes induced by this assay
in the treated cells remain uncertain.

The quantification of the cell metabolic activity is crucial for
assessing cell viability. In the case of the CCK-8 assay, it relies
on the detection of high NAD(P)H levels using tetrazolium
salt. NAD(P)H levels directly correspond to dehydrogenase
activity, thereby providing a measure of cellular metabolic

© XXXX The Authors. Published by
American Chemical Society

~7 ACS Publications

activity.” As NAD(P)H is closely linked to metabolism, assays
that rely on the depletion of NADPH are theorized to affect
cellular metabolism, which, in turn, can affect cellular
phenotype or function.

In this work, we employed a liquid chromatography—mass
spectrometry (LC—MS)-based metabolomics workflow to
identify metabolism pathways affected by CCK-8 treatments.
In parallel to the CCK-8 assay, a live/dead staining assay and
LDH assay were conducted to compare the status of the cells.
The comparison of staining images between the CCK-8 treated
group (named CCK) with the control group (named CNT)
did not show a significant difference between them (Figure la
and Figure S2). These results exemplify why researchers
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Figure 1. The changes of cells after treatment with Cell Counting Kit-8. (a) LIVE/DEAD staining of NIH/3T3 cells. Scale bar = 100 ym. (b, c)
The PCA of MG-63 and NIH/3T3. (d) Volcano plots representing the significantly changed metabolites of MG-63 (Threshold EC > 2 or FC <
0.5,p<0.1). (e) 4 bolites that were signi lated and 4 that were down-regulated in MG-63 (unit pmol). (f) Pathway enrichment
analysis was based on the metabolomic result of MG- 63 The graph shows the top 25 pathways with significant alterations. (g) Volcano plots

ing the significantly changed metabolites of 3T3. (h) The most significantly changed metabolites in NIH/3T3 cells. (i) GSH level of MG-
63 cells treated with CCK-8 (unit pmol (j) The metabolism map presented the mostly relevant pathways in energy production (MG-63, threshold
Log2(FC) > 0.263034 was up-regulated, Log2(FC) < —0.263034 was down-regulated, 0.263034 > Log2(FC) > —0.263034 was considered as
unchanged). (k) The comparison between the fold changes of MG-63 sarcoma cells and 3T3 ﬁbroblasts (**P < 0.01; ***P < 0.001; ****P <
0.0001).
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typically deem cells treated with CCK-8 suitable for
subsequent studies

Using LC—MS-based targeted metabolomics profiling, we
obtained results for 74 metabolites from osteosarcoma (MG-
63) cells and 78 metabolites from fibroblast (NTH/3T3) cells.
MG-63 cells are commonly used as an osteoblastic or
osteosarcoma models for tissue engineering studies, and
NIH/3T3 cells are often used as a normal, noncancerous
models in biomedical research.” Using these cells in our study
provides information about the influence of CCK-8 on
cancerous and normal cells.

These metabolites included amino acids, nucleotides,
nucleosides, carboxylic acids, carnitines, and other organic
acids (Figure S3). Principal component analysis (PCA)
indicated the differences between CCK-8 treated cells and
the controls (Figure 1b,c). In osteosarcoma cell lines, 8
metabolites were significantly changed (Figure 1d): 6 of them
were relevant to glycolysis, and the other 2 were from the
carnitine family (Figure 1d,e). In fibroblast cell lines, 14
metabolites were upregulated, of which mostly belong to
glycolysis and pentose phosphate pathway (PPP) (Figure 1d).

The enrichment analysis (Figure le) highlighted that CCK-
8 significantly impacted energy metabolism, particularly
glycolysis, modifying cellular energy production. It also
disrupted cellular homeostasis, influencing ammonia recycling
and carnitine synthesis. Notably, the altered metabolites in the
3T3 cells were primarily linked to downstream glucose
metabolism (Figure 1g).

The production of NAD(P)H is directly related to glucose
metabolism pathways. This suggests that the glycolysis-relevant
metabolism was influenced by CCK-8, while NAD(P)H plays
the role of an intermediary here. Coenzymes NADP*/NADPH
and NAD/NADH are central to the glucose metabolism
pathways: NAD*/NADH is primarily involved in energy-
yielding glycolysis and the citric acid cycle, while NADP*/
NADPH participates in biosynthetic processes and antioxidant
defense, the PPP.” These coenzymes shuttle electrons between
metabolic reactions, facilitating the transfer of energy and
maintaining the redox balance within cells. Carnitine and its
derivatives participate in fatty acid metabolism, which involves
NAD" and NADH in beta-oxidation, as well as NAD(P)" and
NAD(P)H in redox reactions. Carnitine facilitates the
transport of fatty acids into the mitochondria, so the
decreasing of carnitine can disturb the supply of fatty acids
in mitochondria.’ Furthermore, the enzyme carnitine
palmitoyltransferase 1, which plays a central role in fatty acid
transport, is regulated by the ratio of NADH to NAD* and
NADPH to NADP*. The regulation of enzymes involved in
carnitine metabolism and fatty acid transport can be influenced
by the cellular redox state and the NAD*/NADH and NADP*/
NADPH ratios.

NADPH is a key cofactor required for the enzymatic
reduction of oxidized glutathione (GSSG) back to its reduced
form, GSH, through the action of the enzyme glutathione
reductase.” Therefore, we sought to scrutinize the redox state
by detecting the GSH changes in MG-63, and as expected, the
GSH level was decreased (Figure 1i). The shift toward
oxidation disrupts the GSH-GSSG balance, decreasing the
cellular GSH pool due to reduced NADPH levels. The
alteration in GSH levels impacts the cellular redox state and its
defense against oxidants.” As a result, if the cells treated with
CKK-8 were continued to be applied to other biological

evaluations, the result could be misled by this redox state
change.

NADPH plays a crucial role as a component of the cellular
antioxidant defense system. Utilizing an assay that depletes
NADPH could have detrimental effects on studies that rely on
these reduced cofactors. For example, the emerging cell death

h known as disulfidp which occurs due to
inadequate NADPH supply.” Consequently, relying on an
assay that depletes NADPH may compromise the accuracy of
the obtained results associated with disulfidptosis.

Next, we integrated enrichment analysis and pathway
topology analysis from the metabolomics data. The metabo-
lism pathways directly related to energy production were
significantly influenced (Figure 1f, Figures S4 and SS). The
supply of reduced cofactors is ensured by the mitochondrial
oxidation of substrates derived from glucose, fatty acids, and
amino acids via different metabolic pathways. Therefore, the
disruption of homeostasis can cause changes in many cellular
functions, such as innate immune responses.'” It should not be
ignored, although the impact could be small. Oxidative
phosphorylation is a complex process regulated by interactions
between mitochondrial and cytosolic metabolism. These
interactions can lead to changes in cellular respiration,
influencing cell reactions."" As a result, CCK-8 can impact
the continued experimental results of the same cells, especially
the cell function evaluation relevant to mitochondrial and
cytosolic metabolism. Changes were not limited to metabolites
directly involved in reduced cofactors; both upstream and
downstream metabolites were also altered (Figure 1j).

In our study, we utilized two distinct cell lines, and the
findings revealed that CCK-8 can affect the metabolic
processes of both cell types. When we compared the fold
changes between these two cell types, we observed a significant
increase in the level of 6-phosphogluconic acid in both cell
lines. However, FBP, ATP, and UTP exhibited changes in
opposite directions (see Figure 1k). Notably, the fibroblast cell
line displayed greater sensitivity to the depletion of NAD(P)H
compared with the osteosarcoma cell line (refer to Figure 1).

The depletion or low regulation of reduced cofactors in cells
by CCK-8 can have significant implications of metabolites
level. Therefore, the antioxidant defense, biosynthesis, cellular
metabolism, detoxification processes, and redox homeostasis
are altered.”” It is essential to note that even when both the
experimental and control groups receive the same treatment,
the accuracy of results may be compromised by potential
synergistic interactions between CCK-8 and the tested drugs
or materials. This alteration could significantly influence the
results, especially in the color changes, because CCK-8 is a
colorimetric method." These interactions have also the
potential to induce cellular death and trigger immune-
inflammatory responses'”'® These effects can ultimately
impact cell functionality and even the long-term overall
cellular state. To conclude, the usage of cells after the CCK-
8 kit assay for any subsequent experiment or assay should be
approached with caution and consideration of possible
implications.
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ARTICLE INFO ABSTRACT
Keywords: Calcium phosphate (CaP) biomaterials have been widely used in hard tissue engineering, but their
Glycolysis impact on cell metabolism is unclear. We synthesized and characterized hydroxyapatite, p-tri-

Calcium phosphate calcium phosphate, and biphasic calcium phosphate composites to investigate material effects on

Hydrexyapalite NIH/3T3 cell metabolism. The intracellular metabolites were analyzed employing LC-MS
p-tricalcium phosphate e e

Metabolism & N A N _ A N o
CaPs adsorb metabolites, particularly amino acids. Furthermore, CaP biomaterials significantly

influence amino acid and energy metabolism pathways. Specifically, we observed glycolysis and
TCA cycle activity stimulation, resulting in higher energy consumption in cells adhered to CaP
surfaces. Our findings suggest that CaPs composed of different ratios of hydroxyapatite (HAp) and
B-tricalcium phosphate (3-TCP) have a similar impact on cell metabolism alterations. Moreover,
we observed that the metabolism alterations gradually decreased over time. Our study enhances
understanding of cell-CaP interplay, paving the way for metabolic regulation biomaterials and
improving efficacy in tissue engineering and regenerative medicine.

and cell status was assessed comparatively. Our results revealed that

1. Introduction

Bone is distinguished by its unique, organic matrix composition (35 %) and inorganic components (65 %) [1]. Calcium phosphate

Abbreviations: HAp, hydroxyapatite; CaP, calcium phosphate; p-TCP, f-tricalcium phosphate; BCP, biphasic calcium phosphates; XRD, X-ray
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(CaP) makes up most of the bone’s inorganic substance. In bone, it exists in a form analogous to the mineral hydroxyapatite (HAp) and
deposits on the collagen matrix [2]. CaP ceramics are similar in composition to bone minerals, giving them excellent biological
properties that stimulate osteoconduction and osteoinduction [3]. Using CaPs as implanted biomaterials has benefited countless hard
tissue repairs [4]. Hydroxyapatite and p-tricalcium phosphate (B-TCP) are the most used and potent synthetic bone graft substitutes
among the many calcium phosphate materials. Both are biodegradable with excellent bioactivity [5]. CaP ceramics exhibit osteo-
conductivity through partial dissolution in body fluids, facilitating the reprecipitation of biological apatite on their surface. This
phenomenon promotes osteoblast cell adhesion, facilitating the production of the bone matrix. Nevertheless, these materials still
present distinct clinical challenges, including chronic inflammation and degradation rates that do not align with tissue growth rates
[6]. To achieve a better therapeutic outcome, significant efforts are dedicated to improving the physical, chemical, and biological
properties of CaPs. The current focus of CaP biomaterial development is mainly on crystallography, morphology, organic/inorganic
composite, and advanced preparation methods. At the same time, a deeper understanding of the biological mechanism behind CaP
interactions with organisms is still in demand.

Cell-material interaction is a crucial bridge between biology and materials engineering. Gene expression, protein characterization,
cell imaging, and histology, from in vitro to in vivo, are mature and widely applied to evaluate a new biomaterial [7]. However, the
studies about crosstalk at the cell-material interface mainly focus on macromolecules, while the building blocks of living systems, the
small molecules — metabolites - are belittled aside. Metabolites, including amino acids, lipids, sugars, and organic acids, are constantly
consumed and formed in the anabolism or catabolism process to maintain cell functions [8]. The catabolic and anabolic cell activities
altered by contacted materials or cellular microenvironments are directly linked to cell behaviors [9]. Therefore, metabolite profiling
can be an efficient strategy for analyzing cell-material interaction. The metabolic clues can benefit the understanding and development
of tissue engineering strategies [10]. On the flip side, the measurement of metabolite changes in the cellular environment has a
considerable potential to directly or indirectly assess cell adhesion, differentiation, functionalization, and other cell activities. Therole
of metabolites in cell behaviors is getting more and more attention in biomaterial studies. Mass spectrometry-based metabolomics can
acquire accurate quantitative information on metabolites and their diversity [10,11]. Mass spectrometry enables the simultaneous
detection and measurement of several hundreds of metabolites, providing characteristic chemical fingerprints and offering
cutting-edge technology for novel diagnostic and prognostic approaches in contemporary health and medical science research [12].
The measured cellular metabolite profiles provide information about catabolic and anabolic regulation in cell health, accurately
reflecting cellular phenotype [10]. In recent years, metabolomics has become crucial in clinical research, drug discovery, nutritional
science, and toxicology. Metabolomics studies are widely applied to investigate various human diseases, improve diagnosis, and design
therapeutic strategies [13]. Similarly, metabolomics could be a powerful tool in advanced biomaterial research and development. The
influence of CaPs on cell metabolism has not yet been fully understood. Such knowledge about cell-material interaction can aid the
development of advanced bio-functional materials. Combining metabolomics with other material evaluation techniques can provide a
comprehensive understanding of complex biomolecular processes.

In this study, we selected calcium phosphate-based bioceramics to study their influence on cell metabolism as they are clinically
relevant and widely used biomaterials. For this purpose, bioceramics were synthesized via wet precipitation and characterized by X-
ray diffraction (XRD), contact angle, and cell viability tests. The investigated materials were hydroxyapatite (HAp), p-tricalcium
phosphate (-TCP), and biphasic calcium phosphate (BCP) composites with HAp/-TCP ratios of 95/5 w/w (named H95) and 58/42
w/w (named H58). The two HAp/B-TCP ratios have been approved on the market and clinically applied (e.g., Calciresorb™ and
CellCeram™") [14]. Different ratios were included to verify whether BCP composition affects metabolism.

We selected the NIH/3T3 fibroblasts cell line for the model cell culture as these cells are commonly used as cell-material interaction
models to characterize biomaterials [15]. Cells were cultured on calcium phosphate (CaP) materials for 5 days. Quantitative
metabolite profiles were determined using LC-MS-based workflow, and statistical analysis was applied to compare the metabolite
profiles between different groups. Besides the intracellular metabolite profile, the metabolite adsorption on CaP materials was also
investigated.

We were able to demonstrate that CaPs can adsorb metabolites. Moreover, CaPs altered cellular amino acid metabolism and
accelerated energy metabolism, and the CAP’s influence on cell metabolism decreased over time. The results expand the current
understanding of CaP-based bioceramic interactions with cells and demonstrate the applicability of metabolomics in biomaterials
research.

2. Material and methods
2.1. CaP materials preparation

Calcium phosphate powders were synthesized via the wet precipitation synthesis described by Sokoloval et al. [16] In brief,
calcium oxide (CaO, Fluka, from marble, >97 %), orthophosphoric acid (H3PO4, Sigma-Aldrich, 85 % w/w), and deionized water were
used in the wet precipitation reaction. The pH of the reaction media varied between 5.0 and 7.6, depending on the desired phase
composition of the product. Generally, an acidic pH for the §-TCP phase and an alkaline pH for the HAp phase were set. The pre-
cipitates were washed, vacuum-filtered, and dried. Detailed description of procedures is available in supporting information (Synthesis
of CaPs). The obtained powders were pressed into CaP discs under the pressure of 30 KPa and further sintered with high temperatures
to produce disks that fit the 24-well plate for cell culture. The temperatures for sintering were as follows: HAP: 990 °C; H95: 1030 °C;
H58: 1135 °C; TCP: 1100 °C. The materials were sterilized by autoclaving at 121 °C for 20 min. A contact angle test was applied to the
sintered CaPs to assess the surface hydrophobicity. 10 ml of deionized water was dropped onto material surfaces and captured by a
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camera. The angles were measured using ImagelJ software.
2.2, The pH and ion release test

The pH test and calcium and phosphate ion release test from the materials were conducted using Dulbecco’s Modified Eagle’s
medium (DMEM, Gibco) by immersing CaPs disks for 24 h (1 ml/disk). The pH was measured by pH meter (WTW inoLab pH 7110).
The calcium level in media was measured by calcium colorimetric assay kit (Sigma). 50 pL conditioned media was taken into the 96-
well plate (Tecan), followed by 90 pL of the chromogenic reagent to each well. 60 pL calcium assay from buffer supplied from the assay
kits. The plate was incubated at room temperature for 15 min, protected from light, and then immediately measured by the plate reader
(Tecan), with the absorbance at 575 nm. The phosphate level in media was measured by phosphate assay kit (Sigma). 50 pL condi-
tioned media was taken into the 96-well plate (Tecan), followed by 100 pL of the malachite green reagent to each well. The plate was
incubated for 30 min at room temperature, avoiding light interference. The plate reader (Tecan) set to the absorbance at 620 nm was
employed for measurements.

2.3. Scanning electron microscope (SEM) imaging

After incubation for 24 h, the NIH/3T3 cells were rinsed with phosphate-buffered saline (PBS). Samples were washed twice with
PBS (37 °C) and fixed in 4 % paraformaldehyde solution for 40 min at room temperature. Then, cells were washed three times with cold
PBS and dehydrated with gradual ethanol dehydration (25 %, 50 %, 75 %, 90 %, 100 %; 5 min each) and dried for 20 min after adding
one drop of hexamethyldisilane (Sigma Aldrich, >99 %) on top of the material. The original CaP materials were imaged together with
the cells on materials by SEM. Dried materials were mounted on sample holders with double-sided carbon tape and sputter coated with
carbon (LEICA EM ACE200, Flash, 20 pulses), and one connective line was drawn with silver paint. SEM images were acquired at 5
keV, 1 uS scanning speed, and a distance of 3.03 mm (Tescan Vega SEM) using frame averaging with 50 frames.

2.4. Specific surface area analysis

The results were calculated using the Brunner-Emmett-Teller (BET) specific surface area theory. The surface area was measured
with the N, adsorption system QuadraSorb SI (Quantachrome Instruments, USA). All material tablet samples were broken into pieces
to fit the container. Excess moisture and vapors were removed at room temperature for 24 h.

2.5. X-Ray diffraction (XRD) characterization of CaPs

The crystalline phase of all sintered CaP discs was determined by XRD (PANalytical Aeris, Netherlands) to verify the composition of
CaPs. The characterization analysis was performed with X’Pert Data Collector, X'Pert Data Viewer, X'PertHighScore, and the Inter-
national Centre for Diffraction Data PDF-2 (ICDD). XRD patterns were recorded using 40 kV and 15 mA, K-a1,2 wavelengths 1.541,
step size 0.0435°, within range 20 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 p-TCP (ICDD 09-0169) were identified
using X PertHighScore software (Malvern Panalytical, Worcestershire, UK), based on data from the International Center for Diffraction
Data (ICDD) database. Detailed instrument settings are given in Table S3. Crystallographic identification of the synthesized phases was
accomplished by comparing the experimental XRD patterns to ICDD.

2.6. Cell culture and viability tests

NIH/3T3 cell line (ATCC CRL-1658, ECACC 93061524), (6 x 10* cells/ml) were cultured in Dulbecco’s Modified Eagle’s medium
(DMEM, Gibco) supplemented with 10 % calf serum (Sigma-Aldrich) and 1 % Penicillin-Streptomycin (Gibco). The cells were incu-
bated at 37 °C in a 5 % CO; environment. The cells at passage 7 were seeded on material surfaces in a 24-well culture plate with 4
replicates of each group. The cells seeded in wells without materials were used as control groups. Metabolite extraction was performed
for all the cells on days 1, 3, and 5 for 4 replicates per group and time point. Cell Counting Kit-8 (CCK-8, Sigma-Aldrich) was used to
determine cell viability in parallel with 4 replicates in each group. Mycoplasma from culture media was tested by Rapid Mycoplasma
Detection Kit (AssayGenie) and shown negative.

2.7. Cell attachment analysis

Materials were placed in a 24-well plate, and 3 x 10" cells were seeded in 100 pl and left to attach. The culture medium (su-
pernatant) and the cells on the materials were pipetted out for further cell viability tests. Per the manufacturer’s instructions, viability
was assessed in duplicates using CellTiter-Blue (Promega).

2.8. Metabolite extraction

The methanol-based protocol was employed for the metabolite extraction. It was essential to extract cells directly from the material
to avoid changes in cell metabolism during detaching. Before the extraction, cell culture media was removed, and cells were washed
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with ammonium bicarbonate (NHsHCOs, Sigma-Aldrich, >99.5 %) solution (75 mM, 37 °C). Cells were then quenched in cold 80 % v/v
methanol (CH30H, Sigma-Aldrich, >99.9 %) and harvested by scraping. The harvested samples were centrifuged at 600 RCF at room
temperature for 5 min, and the supernatant was collected. The collected supernatant was dried by vacuum centrifuge. Afterward, 10 uL
of the isotopically labeled internal standard mix was added to dried samples, followed by 90 pL of methanol. Reconstituted samples
were transferred to glass vials and used for liquid chromatography-mass spectrometry (LC-MS) analysis.

The same metabolite extraction procedure was also applied to the CaPs without cultured cells to verify the adsorption of metab-
olites by materials. 1 ml complete media was filled in well plates with and without materials for 24 h, and 3 replicates were set for each
group. The media was removed, the wells were washed with ammonium bicarbonate solution, and cold 80 % v/v methanol was added.
The methanol solution was collected by pipetting and scraping. The extracts were dried by vacuum centrifuge, and 10 pL of the
isotopically labeled internal standard mix was added to dried samples, followed by 90 pL of methanol. Reconstituted samples were
transferred to glass vials and used for liquid chromatography-mass spectrometry (LC-MS) analysis.

2.9. Metabolite analysis

Targeted quantitative metabolite analysis was conducted using HILIC-based liquid chromatography combined with mass spec-
trometric detection employing a triple quadrupole mass spectrometer. Metabolites were separated on an ACQUITY UPLC BEH Amide
1.7 pm 2.1 x 100 mm analytical column (Waters). The gradient elution was carried out using 0.15 % formic acid and 10 mM
ammonium formate 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 min, a 0.1 min gradient (6.0-6.1 min)
was started, and 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 min. The mobile phase flow rate was 0.4 mL/min; the injection volume was 2 pL, and the colunmn temperature was 40 °C. For MS
detection, a TSQ Quantis (Thermos Fisher Scientific) triple quadrupole mass spectrometer was used. The MS analysis was performed in
ESI positive and ESI negative modes using MRM detection (MRM settings are provided in Supplement Information). The ESI spray
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Fig. 1. a) The XRD analysis of CaP disk crystal structure. Red arrows indicate characteristic peaks of f-TCP, and blue arrows indicate distinct peaks
of HAp. The composites had both patterns, and the peak values varied by the compositions. The intensity and pattem of corresponding peaks
changed according to the relative composition ratio of HAp/B-TCP. Peaks at 27.80° (214), 31.07° (210), and 32.42° (128), 34.23° (220), indicating
the increase of the HAp phase proportion. b) SEM images of prepared CaP disks. Scale bar = 10 um ¢) pH of media immersed with materials. ) The
SEM images of cells attached to CaP material surfaces. Scale bar = 10 ym. €) Phosphate and calcium ion level of media immersed with materials.
#P < 0.01 < 0.001 v CON. ) The cell viability was tested by CCK-8 on days 1, 3, and 5. Cell viability is normalized to control samples.
Synthesized CaPs significantly increased cell viability compared to controls (one-way ANOVA followed Tukey’s multiple comparisons tests, *P <
0.05, **P < 0.01 vs. CON).
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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 nebulizing gas flow rate was set to 50
arbitrary units. For quantitative analysis, seven-point calibration curves with internal standardization were used. Tracefinder 51.1
General Quan (Thermofisher Scientific) software was used for LC-MS data processing and quantification. Detailed information of
detected metabolites is shown in Table 4. The metabolite concentration was normalized for further data analysis versus cell counting
results,

2.10. Data analysis

The metabolomics data analysis was performed with MetaboAnalyst 5.0 [17]. The total amount of metabolites was normalized
based on the number of cells according to the cell proliferation data. For data preprocessing, obtained concentrations were
log-transformed and scaled by mean-centering, and each variable was divided by the standard deviation. GraphPad Prism 9 was used
for statistical analysis. The metabolites with a high adsorption rate (fold change over 0.1 compared to the cell results) were excluded
from the group comparison. Analysis of variance (ANOVA) was applied for multi-group data. Pathway enrichment analysis used The
Small Molecule Pathway Database as the pathway library. Fold-change and p-value were calculated for two-group comparisons to find
significantly changed metabolites. The two-group comparison data was analyzed using the t-test. The cluster analysis was performed
by principal component analysis (PCA). The machine learning method to rank the metabolite contributions to classification accuracy
was done by random forest, with 500 trees and 7 predictors.

3. Results
3.1. Characterization of CaP materials

The hydrophilicity test was conducted and presented by the contact angle (Supplemental information, Fig. S1). The angles were
91.781 (TCP), 92.278 (HAP), 95.020 (H95), and 90.944 (H58). The samples had a mild hydrophobicity, which was acceptable for cell
cultures, and no significant difference between different CaP samples was observed.

XRD was used to determine the composition of sintered CaP discs (Fig. 1a). Pattern fitting was carried out between 10° and 70°. The
diffraction patterns showed sharp diffraction peaks, indicating the presence of different crystalline species in CaP discs, including
B-TCP and HAp. The materials were verified as pure HAp, p-TCP, and BCP with HAp/p-TCP ratios of 95/5 and 58/42. The Ca/P ratio of
prepared CaPs are presented in Table 1.

Overall Ca / P ratio = wy_1cp X 1.5+ 0pap x 1.67

SEM was used to characterize the morphology of 4 types of CaP disks (Fig. 1b). The material had a slightly rough but relatively flat
surface. Ceramic materials sintered at high temperatures had a high degree of sealing on the surface. Cells (about 10 pm) cannot enter
the material’s interior but can only grow on the surface.

The material did not cause pH changes in the culture medium (Fig. 1¢). In the absence of cells, immersion for 24 h reduced the
calcium concentration of the culture medium. On the contrary, the concentration of phosphate ions is increased by the biomaterial
(Fig. 1e). The addition of CaPs could cause precipitation of calcium phosphate compounds. This lead to a decrease in the free calcium
ion concentration in the media as calcium ions bind to phosphate ions and precipitate out of solution.

3.2. Cell viability and attachment

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 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 (Fig. 11).
As expected, CaPs showed good biocompatibility, and cell viability was not affected when seeded directly on material surfaces. SEM
52.). The cell viability and attachment

images and cell attachment analysis showed attachment and cell spreading (Fig. 1d and Fig
results confirmed the quality of the synthesized CaP materials in this study.

Table 1

Ca/P ratio. The crystal form ratio is calculated from the
XRD analysis results using the formula: Overall Ca/P
ratio=f—TCPx 1.5+0HApx1.67.

Materials Overall Ca/P ratio
HAp 1.67
H95 1.66
H58 1.60
TCP 1.50
5
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3.3. Intracellular metabolic profiling

We employed a targeted quantitative metabolomics approach in this study and analyzed 58 metabolites. Broadly, those metabolites
fall into 6 related categories: TCA cycle, glycolysis, pentose phosphate pathway, nucleotide synthesis, fatty acid oxidation, and amino
acid metabolism. The downstream analysis of obtained metabolite data was divided into three parts: in-between CaP materials, be-
tween CaPs and the control group, and analysis of longitudinal metabolism changes. The obtained quantitative metabolite values were
log-transformed, scaled by mean-centering and presented in a heatmap (Fig. 2).

3.4. Metabolites adsorption by CaPs

Understanding the influence of metabolite adsorption is vital as it can alter the cellular microenvironment. Moreover, considering
the potential adsorption of metabolites onto biomaterial surfaces from cell culture media is essential to address experimental biases, as
co-extraction with intracellular metabolites may compromise the accuracy of the results. In this study, we focused on intercellular
metabolite measurements. Therefore, evaluating if the experimental condition could introduce bias in metabolite measurements was
essential to ensure accurate data interpretation. The experimental procedure included immersion of the cap disk in cell culture media,
seeding the cell 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. To assess the metabolite affinity for adsorption on material
surface and thus potential interferences when analyzing intercellular metabolite levels, we performed metabolite extraction for CaP
disks immersed in complete media containing 90 % DMEM and 10 % calf serum without cells. 29 metabolites were found to adsorb
onto the CaP surface even after washing with PBS (Fig. 2). Compared to the control (cell culture plate), more metabolites were
adsorbed onto CaP surfaces. CaPs showed a higher affinity with the positively charged amino acids (basic side chains). Lactic acid was
adsorbed on both CaP and control groups, while the lactic acid level on the CaP surface was almost 4 times lower than the control (on
the plate). Sulfur-containing amino acids (methionine, taurine, and cystine) had the highest adsorption affinity on CaP surfaces. Both
CaP and culture plate showed attraction to arginine.

To assess the impact of adsorption on extracted metabolite levels, the quantities of adsorbed metabolites were compared with
intracellular metabolite levels. This analysis aimed to determine how much adsorption influenced the measured metabolite levels. For
this purpose, the average concentration of metabolites from the biomaterials group on day 1 was used as a reference to calculate fold
changes of the CAP group, and the control group was calculated with the intracellular metabolites of the control group (without
biomaterial) from day 1. 26 metabolites had a high adsorption rate (fold change over 0.1 compared to the cell results) (see Fig. 3).
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Fig. 2. The heatmap of the 1 bolite profile for 5 groups at 3 different time points. M, are ides, sugar
carnitine family, and amino acids. Metabolites that adsorbed on CaP surfaces are labeled by *.
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Fig. 3. 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.

3.5. CaP material phase ition infl on cell boli:

We used PCA and ANOVA to investigate if CaP phase composition influenced metabolite levels. No distinct clusters for CaP samples
with various phase compositions were observed with PCA. (Fig. 4). With ANOVA, in all 3 days the residuals presented a normal
distribution (Supplemental information, Fig. $3). To follow up on a potential correlation with hydroxyapatite content, we performed
the pattern search between CaPs (Supplemental information, Fig. S5), i.e., correlate metabolite changes to HAP phase content (0, 58 %,
95 %, and 100 %). Although few metabolites were found to increase or decrease with the changes in HAp content, the correlation
coefficients were too low to draw any conclusions.

3.6. CaP bi ials infl cell boli:

Glycolysis was the most significantly changed one from pathway enrichment analysis, followed by other energy metabolism
pathways and gluconeogenesis fructose and mannose degradation (Fig. 5a). Statistical data analysis, including PCA and t-test, was
performed to identify metabolites with significant changes induced by CaP bioceramics. PCA score plots revealed a close clustering of
the CaP materials group and a substantial separation between the materials group and the control group (Fig. 5d). The metabolite
levels at the earlier time point had significantly higher variation compared with the later time points, suggesting a more substantial
distinction between CaPs and control groups at the initial phase of biomaterials exposure (Fig. 5¢). Proline level was up to 5 times
higher in CaP groups over all 3 time points. Notably, the reduction of any amino acid was not observed with CaP groups. On the other
hand, levels for compounds involved in energy metabolism were significantly lower upon exposure to CaPs (Fig. 5b). For example, ATP
levels in material groups were 4 times lower than the control groups (Fig. Se). At the same time, levels of fructose 1,6-bisphosphate
(FBP), a critical molecule in the glycolysis metabolic pathway, were 10 times reduced in cells exposed to CaPs (Fig. 5e).

3.7. Andlysis of metabolism changes over time

Metabolism is a dynamic process. Therefore, we extracted metabolites at 3-time points to obtain data about temporal CaP’s in-
fluence on cell metabolism. PCA score plot (Fig. 6a) showed a clear separation of material and control groups for all time points.
However, the distance between the groups on the PC1 axis diminishes over time.

We found compounds of energy metabolism (G6P, F6P, FBP, and lactic acid) and nucleotides (ATP and ADP) significantly altered
with prolonged CaP exposure time. The level of nucleobase adenosine was rapidly increased, whereas the taurine level was gradually
reduced, and fold change compared to control decreased from 4 on day 1-1.2 times on day 3.
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Fig. 4. PCA plots of all 4 types of CaPs on Day 1, Day 3, and Day 5.
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Fig. 5. a) Pathway enrichment analysis b) The heatmap of nucleotides and pentose phosphate pathway,/glycolysis metabolites on day 1. ¢) The
volcano plot of metabolites. Lines in the volcano plot link the significant metabolites on different days. The lines provided clues about the direction
of changes and the metabolite’s ability to distinguish between the material and control groups. Thresholds: log2 (fold change) > 2 or < -2, and
-1og10(p) > 1. Fold change was calculated from CON for each metabolite, fold change — (metabolite level in CaP)/(metabolite level in CON). d) PCA
for all GaP and control groups from days 1, 3, and 5 (n = 4). e) The metabolite level of ATP and FBP from each group on day 1. *P < 0.05, & P <

0.0001 (n = 4).
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Fig. 6. a) The PCA plot scores of intracellular metabolites from material groups on days 1,3, and 5. b) The fold changes of adenosine and taurine

over time. n = 4.

The metabolic alteration caused by CaPs during the 3-time points was compound-specific. Some metabolites indicated a trend
toward narrowing the disparities between CaP groups and control groups, approaching that of the control groups (Figs. 6b and 7).
Among these, the difference in carbohydrate metabolism was more profound (Fig. 7). Levels of G6P and F6P initially were close to the
control and increased over time. FBP was exhausted on the first day. Although FBP increased over time, the level was still lower than
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Fig. 7. The changes of metabolite levels in glucose metabolism.
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the control. ATP had dynamic changes, and ADP slightly decreased over time. Also, on the first day, a-Ketoglutaric acid was about half
the amount of the control, and lactic acid was 9 times higher than the control. Both of these subsequent metabolites were steadily
approaching the control. a-Ketoglutaric acid, a key metabolite in the TCA cycle, was increasing, while lactic acid, a final product of
anaerobic glycolysis, was decreasing (see Fig. 8).

4. Discussion

Despite the prevalent use of CaP-based biomaterials in clinical applications, their impact on cell metabolism remains understudied.
We aimed to explore the cellular perturbations induced by calcium phosphates. In this study, we focused on three aspects: (I)
metabolite adsorption on biomaterials, (II) biomaterial influence on cell metabolism, and (II1) longitudinal changes in cell metabolism.

Metabolite adsorption on biomaterials is crucial in metabolism studies, as it can impact measured intracellular concentrations due
to co-extraction with cellular metabolites. Adsorbed metabolites on material surfaces enhance their availability to cells, potentially
modulating microenvironment and cellular functions. Our results showed an increased affinity of several compounds toward CaPs.
Cystine is excessively adsorbed on CaP ceramics. Cystine is the oxidized and predominant form of cysteine in non-reducing envi-
ronments, such as the extracellular space [18]. Our results suggest that the CaP ceramic surfaces provide a reducing extracellular
environment to cells via the adsorption of oxidized metabolites. This aligns with numerous reports noting high cell viability on CaPs,
suggesting that their physicochemical properties mitigate oxidative stress. Besides cysteine, other amino acids were adsorbed by CaPs.
Notably, the amino acids with basic side chains (His, Lys, and Arg) adsorbed to CaPs at a higher level. The hydroxyl group from CaPs
attracts the amino acids by interacting with the amino groups (GIn) or carboxy (Ser, Trp, and Tyr). Carnitine and its metabolites are
also adsorbed on CaP surfaces utilizing similar interactions. Carnitine’s function in cells is to transport fatty acids into the mito-
chondria, indicating that cells that come into contact with CaPs have altered energy metabolism [19]. Taurine, a sulfur amino acid
with diverse biological functions, adsorbs on CaP surfaces by its amino group, and there was no trace of taurine on the culture plate
surface. Taurine substantially impacts energy metabolisms [20]. The ability of biomaterials to adsorb small molecules can be utilized
in future research to develop advanced biomaterials that modulate cellular phenotypes by altering the microenvironment.

Our results showed that the intracellular metabolite profiles did not significantly differ for materials with various CaP composi-
tions. For decades, CaPs such as HAp and B-TCP have been employed in bone tissue repair, demonstrating satisfactory clinical per-
formance [21]. While differences in properties like degradation rates are well-documented, the impact of these CaP materials on cell
metabolism at the molecular level appears comparable. The differences between materials, such as degradation and hard tissue
regeneration rates, are usually reported over several weeks [22]. Here, we exposed cells to CaPs for 5 days, which might not be
sufficient to capture material composition-induced differences in cell metabolism. Therefore, for further data analysis, we merged
results obtained from CaP groups and focused on the general perturbations caused by the material.

The results showed that CaP strongly influenced central carbon metabolism and interconnected pathways, including amino acid
metabolism, glycolysis, tricarboxylic acid (TCA) cycle, and nucleotide metabolism. Intracellular amino acid levels were increased upon
exposure to CaPs, including the amino acids not adsorbed on material surfaces: citrulline, aspartic acid, and ornithine. This hints that
the exposure to CaPs provided the stimulus for increased amino acid biosynthesis. Arginine, hydroxyproline, and proline levels were
significantly increased at all investigated time points. These amino acids are interconnected with numerous metabolism pathways
[23].

A substantial disturbance of energy metabolism and higher energy consumption of the cells caused by CaPs was presumed. The
levels of G6P and F6P, two intermediates of the glycolysis pathway formed in the first and second steps, respectively, were higher than
the control. In contrast, the FBP, formed at the sixth step of glycolysis, was significantly downregulated by CaPs (Fig. 7.). The enzyme
that catalyzes the irreversible conversion of F6P, phosphofructokinase-1 (PFK-1), is the rate-limiting enzyme of glycolysis [24]. The
significant reduction of FBP indicates that glycolysis and the following energy metabolisms are extensively enhanced. As a result, the
depletion of FBP could be a signature of CaP biomaterials instructing the energy metabolism switch. FBP can also indirectly alter lactic
acid production by influencing glucose metabolism, especially glycolysis [25,26]. A low FBP and high lactic acid levels can result from
increased glycolysis. Consequently, in pathway analysis, the most prominent alterations were observed in glycolysis, indicating a
potential shift in glucose utilization for energy production. Moreover, the impact extended to various interconnected pathways,
including amino acid metabolism, suggesting a broad-reaching effect on cellular functions. The perturbations observed in gluco-
neogenesis and fructose degradation pathways hint at alterations in carbohydrate utilization and the potential rerouting of these
substrates within the metabolic network.

Amino acids and sugars are essential raw materials for the synthesis of nucleotides. For example, purine synthesis requires glycine,
aspartic acid, and one-carbon units from amino acid metabolism [27]. Despite the high substrate level, CaPs significantly impair
nucleotide synthesis, particularly the purine nucleotide cycle, as evidenced by a drastic reduction in the total amount of nucleotides,
despite the precursor fructose 6-phosphate (F6P) being metabolized to ribose 5-phosphate via the pentose phosphate pathway
[28-30].

The chemical composition of CaPs themselves modulates the cellular microenvironment by releasing calcium and phosphate ions
and affecting cellular functions [31]. Low calcium concentrations have been reported to enhance cellular energy transduction,
modulating three TCA cycle dehydrogenases (pyruvate, isocitrate, and o-ketoglutarate) [32]. Simultaneously, phosphate ions
contribute phosphoryl groups for various cellular processes, where phosphorylation, a reversible reaction, regulates protein activity
[33]. Oxidative phosphorylation in ATP synthesis involves phosphate group participation, aligning with the enhanced phosphoryla-
tion induced by CaP biomaterials. ATP and other nucleotides store and transfer chemical energy within the cell, vital for cell pro-
liferation [34]. Our results showed that the nucleotide concentrations were significantly decreased. Activated cells with a high
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phosphorylation level consume more energy, while energy metabolism was notably regulated because of the interaction with CaP.
Depleted ATP and glycolytic metabolite levels indicated the metabolic impact on energy consumption and pathway regulation.

We noted diminishing metabolic disparities between CaP and the control group over time (Fig. 6a). This trend is particularly
notable for lactic acid and acetylcarnitine levels (Fig. 6¢). A shift in cellular energy utilization was evident across the 5 days. Initially,
lactic acid levels were approximately ninefold higher than the control, decreasing by nearly half on day 5 (Fig. 7). Which indicates that
early exposure to CaPs heightened anaerobic glycolysis. Simultaneously, the a-ketoglutaric acid level was reduced by half compared to
the control level but reached near equivalence by day 5. The enzymatic production and reduction of a-ketoglutarate are irreversible,
making it a valuable indicator of TCA cycle activity [35-37]. a-ketoglutarate decarboxylase is a rate-limiting step of the TCA cycle
[32]. The depletion of a-ketoglutarate on the first day indicated a high energy consumption requirement from the TCA cycle suggesting
that the cells are actively dividing and proliferating; this phenomenon suggests enhanced anaerobic glycolysis, typically observed
when the TCA cycle cannot meet energy demands or under limited oxygen supply conditions.

The initial exposure to CaPs resulted in a shock pressure on the cellular energy metabolism response to biomaterials with stronger
glycolysis, presented by more extensive variability in metabolite profiles. At a later time point, the metabolic alteration diminished,
tending towards cellular homeostasis, which demonstrated the ability of cells to adapt to a new environment caused by CaP.

5. Gonclusion

We demonstrated that calcium phosphates significantly influenced cell metabolism and the cellular microenvironment. These
synthesized CaPs absorbed small molecules, particularly amino acids, affecting amino acid levels and energy pathways, notably
glycolysis. Different HAp and p-TCP ratios in CaPs showed similar impacts on cell metabolism. Cells interacting with CaP surfaces
displayed increased energy consumption due to heightened glycolysis and TCA cycle activity, gradually declining over time. These

insights deepen our understanding of cell interactions with CaPs, shedding light on their clinical performance and opening new av-
enues for novel biomaterials capable of regulating metabolism.

6. Limitations of the study
This study’s primary limitation lies in using fibroblasts as the model cell line instead of bone-specific cells like osteocytes or os-
teoblasts, which would be more relevant for bioceramic materials research. Using bone cells could yield a more clinically relevant

understanding of the molecular mechanism alterations induced by biomaterial. Additionally, expanding the number of analyzed
metabolites could enhance the depth of analysis.
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