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GENERAL OVERVIEW OF THE THESIS 

INTRODUCTION 

Globally, over 4.5 million reconstructive surgeries are conducted each year to address a range of 
causes, including accidents, cancer procedures, and cosmetic enhancements [1]. Global Burden 
Disease data analysis revealed that approximately 1.71 billion people worldwide have musculoskeletal 
conditions [2]. Consequently, there is a need for effective biomaterial for bone treatment and 
replacement. The unique characteristics of bone, its constituent phases, and structural relationships at 
various hierarchical levels are complex. Therefore, replicating it artificially to achieve biomaterials 
with properties comparable to bone has proven challenging [3]. 

For this reason, allograft remains a gold standard for treating bone-related disorders [4]. There is a 
need to develop synthetic materials similar to natural bone [5]. Bone is a nanocomposite material made 
up of inorganic and organic counterparts. The organic component primarily comprises calcium 
phosphate (CaP), while the organic content predominantly comprises collagen.  

The inorganic content of bone is synthesized through a mitochondrial-dependent cellular 
mechanism in the form of amorphous calcium phosphate (ACP), which is further nucleated to low-
crystalline apatite (Ap) in the presence of collagen [6]. In mitochondria, the ACP is associated with an 
organic compound that regulates interfibrillar collagen mineralization. The side chains of an organic 
compound (carboxylate or hydroxyl groups) allow interaction with CaP by surface adsorption [7]. The 
organic compound delay CaP crystallization can be due to retarding the transformation rate 
(crystallization) of ACP to Ap or interaction with the crystalline phase by inhibiting the growth of 
nuclei. Therefore the organic compound becomes a key player in regulating interfibrillar collagen 
mineralization [8]. The Doctoral Thesis aims to develop small organic molecule-containing ACPs and 
their nanocomposites as bone substitute materials for improved bone regeneration. Based on this, five 
synthetic SOMs have been selected with diverse functional groups and used for the development of 
SOM-containing ACPs. These SOMs are also naturally present in mitochondria and play a role in bone 
regeneration. 

The primary goal was to develop a wet chemical synthesis route for the synthesis of SOM-
containing ACP and analyze the impact of SOM on ACP's physiochemical properties (particle size, 
morphology, true density, specific surface area, and transformation kinetics) and cytocompatibility. 
Synthetic SOM-containing ACPs were used as inorganic fillers in an organic matrix to develop 
nanocomposite scaffolds.  

Nanocomposite bioink was developed by adding the SOM-containing ACPs as an inorganic filler 
in an alginate-dialdehyde-gelatin (ADA-GEL) organic matrix wherein citrate-containing ACP 
(ACP_CIT) was effective in maintaining the structural integrity of the bioprinted scaffolds. 
Subsequently, a single-network (SN) nanocomposite hydrogel consisting of gelatin methacrylate 
(GELMA) and ACP_CIT was developed using chemical crosslinking.  

Afterwards, a double network (DN) nanocomposite hydrogel of polyacrylamide (PAM), Pluronic 
P123, GELMA, and ACP_CIT was formulated. Initially, the effect of P123 on the mechanical 
properties of PAM-GELMA hydrogel was evaluated, followed by analyzing the effect of ACP on the 
mechanical and rheological properties of PAM-GELMA-P123 hydrogels. Subsequently, their shape 
memory effect was also evaluated. In conclusion, all the synthesized ACPs and their nanocomposite 
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bioink, SN, and DN hydrogels demonstrate cytocompatibility, suggesting their potential use in bone 
tissue regeneration applications. 

THE AIM OF THE THESIS 

The Thesis aimed to develop SOM-containing ACPs, investigate their physiochemical 
characteristics and cytocompatibility, employ them as fillers in nanocomposite development, and 
assess their mechanical and rheological properties. The following tasks were set to fulfil the aim: 
1. To develop a wet chemical route for the synthesis of SOM-containing ACP. 
2. To examine the influence of SOM on the physiological properties and transformation kinetics of 

ACP to low-crystalline apatite (Ap) in aqueous media: deionized (DI) water, PBS and α-MEM cell 
culture media. 

3. To incorporate developed ACPs into bioink, SN, and DN hydrogel and investigate the properties 
of developed nanocomposites. 

THESIS TO DEFEND 

1. Incorporating SOM in ACP influences its physiochemical properties, transformation kinetics, and 
cytocompatibility.  

2. Solution-mediation transformation of ACP to Ap is affected by the composition of aqueous media 
(deionized water, PBS, and α-MEM cell culture media). 

3. The addition of ACP filler in bioink, SN, and DN hydrogels enhances their rheological, mechanical, 
and structural properties while maintaining cytocompatibility.  

 

SCIENTIFIC NOVELTY 

1. A one-step wet chemical approach was developed to synthesize pure and SOM-containing ACP 
(such as acetate, ascorbate, citrate, itaconate, and glutamate).  

2. New ACPs with acetate, ascorbate, and itaconate were synthesized. 
3. For the first time, the influence of SOM on the transformation kinetics of ACP to Ap in different 

aqueous mediums was evaluated.  
4. Novel nanocomposite bioink, SN and DN hydrogel containing ACP were developed. 
5. A new formulation of PAM-GELMA-P123 hydrogel was created.  

 

PRACTICAL SIGNIFICANCE 

1. The developed synthesis methods can be expanded to include other SOMs in ACP.  
2. The transformation kinetics of ACP to Ap can be tailored using a combination of specific SOM and 

aqueous media for specific applications.  
3. DN hydrogel with tailored mechanical properties can be developed by modulating the 

concentration of P123 in PAM-GELMA hydrogel.  
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STRUCTURE OF THE THESIS 

1. The Thesis is created as a thematically unified set of scientific papers which focus on 
developing SOM-containing ACPs and their nanocomposites (bioink, SN, and DN hydrogel). 
Each paper stands on its own, presenting new knowledge and original research. Together, the 
papers form an extensive long-term body of research to create a new approach for synthesizing 
SOM-containing ACP and developing its nanocomposites.  

2. The study began with an in-depth literature review (Publication 1) to understand the physical 
properties, biological occurrence, and synthesis of various calcium phosphate (CaP) types and 
their use as bone substitute materials. The examination revealed that achieving pure crystalline 
CaP requires high-temperature synthesis or treatments. Amorphous calcium phosphate (ACP) 
is a metastable form of calcium phosphate; therefore, densification at high temperature is not 
possible. 

3. In Publication 2, ACP was synthesized using the dissolution precipitation method. The 
obtained ACP powder was sintered to near full density by simple uniaxial pressing at 1250–
1500 MPa at room temperature maintaining the amorphous nature. 

4. Naturally, the bone apatite is nonstoichiometric and structurally disordered. Therefore, 
Publication 3, focused on understanding the mechanism of bone apatite formation and the role 
of collagen and organic molecules in regulating mineralization. Naturally, ACP is formed 
through a mitochondrial-dependent cellular mechanism. Additionally, ACP is associated with 
an organic compound in the mitochondria. The side chains of organic compounds (carboxyl 
and hydroxyl groups) regulate Ap nucleation and collagen interfibrillar mineralization. The 
organic compounds' capability depends on the number of functional groups at specific 
configurations. Therefore, five SOMs were selected based on different functional groups, 
natural presence in mitochondria, and role in bone physiology. The primary goal of the Doctoral 
Thesis was to synthesize the SOM-containing ACP. 

5. In Publication 4, the focus is on developing a one-step wet chemical approach for the synthesis 
of pure, acetate (ACP_ACE), and citrate-containing ACP (ACP_CIT). The synthesis approach 
developed in Publication 4 was further used to synthesize glutamate (ACP_GLU), itaconate 
(ACP_ITN), and ascorbate-containing ACP (ACP_ASC) in Publication 5. All the synthesized 
ACPs were characterized, and the results have shown the impact of SOM on the physiochemical 
properties and cytocompatibility of ACP. 

6. In Publication 6, the effect of ACP's particle size, transformation kinetics, and SOM on ADA-
GEL hydrogel and printed scaffold were analyzed. ACP_ACE and ACP_CIT were used as an 
inorganic filler in the ADA-GEL organic matrix for developing nanocomposite hydrogels. 
Nanocomposite bioinks were developed by adding MC3T3-E1 cells in the ACP-ADA-GEL 
hydrogels. Both bioinks comprising ACP_CIT and ACP_ACE were cytocompatible; however, 
the ACP_CIT was more effective in maintaining the structural integrity of the printed scaffolds.   

7. In Publication 7, a nanocomposite SN hydrogel of ACP_CIT and GELMA was developed using 
a chemical crosslinking approach using APS/TEMED as an alternative to photo-crosslinking. 
In vitro analysis has confirmed that the chemical crosslinking and incorporation of ACP_CIT 
did not hamper the cytocompatibility of GELMA hydrogel. 
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8. In Publication 8, a DN thermoresponsive hydrogel consisting of PAM-GELMA-P123 was 
synthesized. The primary network of DN hydrogel was developed using P123, while the 
secondary network consisted of a co-polymer of PAM-GELMA. Both the PAM-GELMA were 
chemically crosslinked using APS/TEMED. Initially, the concentration of P123 in PAM-
GELMA hydrogel was adjusted to achieve optimum mechanical properties. Afterwards, the 
effect of different concentrations of ACP_CIT on the mechanical properties of PAM-GELMA-
P123 hydrogel was analyzed. Additionally, the shape memory effect of the nanocomposite DN 
hydrogel was examined.  

LIST OF APPENDED PAPERS 

RESULTS OF THE THESIS WERE PUBLISHED IN SCI SCIENTIFIC 
PUBLICATIONS 

Published 
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Open Access, IF 3.4, Q2, CiteScore 5.2). (Publication 1).  
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Calcium Phosphate: Synthesis, Characterization and Transformation. Frontiers in Bioengineering 
and Biotechnology, 11. doi.org/10.3389/fbioe.2023.1329752 (Scopus, Open Access, IF 5.7, Q1, 
CiteScore 6.7) (Publication 5) 

 

In press (Under review) 

1. Indurkar, A., Heid, S., Bauer, J., Rubenis, K., Friedrich, O., Locs, J., & Boccaccini, A. R. 
Amorphous Calcium Phosphate Reinforced Alginate-Dialdehyde-Gelatin (Ada-Gel) Bioinks for 
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Biofabrication of Bone Tissue Scaffolds (Under review in Scientific reports) (Scopus, Open Access, 
IF 4.6, Q1, CiteScore 6.9). (Publication 6) 

2. Indurkar, A., Rubenis, K., Boccaccini, A. R., & Locs, J. Development of nanocomposite hydrogel 
using citrate-containing amorphous calcium phosphate and gelatin methacrylate (Under review in 
Frontiers in Bioengineering and Biotechnology) (Scopus, Open Access, IF 5.7, Q1, CiteScore 6.7) 
(Publication 7) 

3. Indurkar, A., Rubenis, K., Boccaccini, A. R., & Locs, J. Development and Characterization of 
Thermoresponsive Double-Network Nanocomposite Hydrogel for Bone Tissue Engineering 
(Under review in Macromolecular Materials and Engineering) (Scopus, Open Access, IF 3.9, Q1, 
CiteScore 6.5) (Publication 8) 

RESULTS OF THE THESIS PRESENTED AT SCIENTIFIC CONFERENCES 

1. Development of nanocomposite double network hydrogel: Vecstaudza, J., Egle, K., Indurkar, A., 
Locs, J. 64th International Scientific Conference of Riga Technical University, Latvia held on 6th 
October 2023. (Oral presentation) 

2. Development of nanocomposite double network hydrogel: Indurkar, A., Rubenis, K., Boccaccini, 
A. R., & Locs, J. 64th International Scientific Conference of Riga Technical University, Latvia, 
held on 6th October 2023. (Oral presentation) 

3. Amorphous calcium phosphate citrate reinforced gelatin-alginate dialdehyde bioink for bone 
regeneration: Indurkar, A., Rubenis, K., Boccaccini, A. R., & Locs, J. International Conference 
on Biofabrication, Saskatoon, Canada, held on 17th to 20th September 2023. (Oral presentation) 

4. Amorphous calcium phosphate citrate reinforced gelatin-alginate dialdehyde bioink for bone 
regeneration: Indurkar, A., Rubenis, K., Boccaccini, A. R., & Locs, J. FEMS EuroMat 2023, 
Frankfurt, Germany,held on 3rd to 7th September 2023. (Oral presentation) 

5. Amorphous calcium phosphate citrate reinforced gelatin-alginate dialdehyde bioink for bone 
regeneration: Indurkar, A., Rubenis, K., Boccaccini, A. R., & Locs, J. 5th World Congress of 
Latvian Scientists, Riga, Latvia, held on 26th to 29th June 2023. (Poster presentation) 

6. Biomimetic synthesis of amorphous calcium phosphate: Indurkar, A., Choudhary, R., Rubenis., & 
Locs, J. 16th Scandinavian Society of Biomaterials, Røros, Norway held on 21st to 24th March 2023. 
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7. Tailor-made synthesis of bionic amorphous calcium phosphate: Indurkar, A., Choudhary, R., 
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Conference BIOMAH, Rome, Italy, held on 18th to 21st October 2022. (Oral presentation) 

 

INDIVIDUAL CONTRIBUTION TO PAPERS 

The papers discussed in this Thesis are co-authored with 16 collaborators and supervised by 
experienced mentors who provided strong support and valuable input. The author of the Thesis played 
a pivotal role in each paper, shaping the research and exploring background literature. The author of 
the Thesis focused on developing a one-step wet chemical approach for synthesizing ACP (with and 
without SOM) and its characterization. The developed ACPs were used to create nanocomposite 
bioink, SN, and DN hydrogel.  
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During the Doctoral Thesis, the author had interactive discussions with the co-authors and 
supervisors, which has proven vital for overcoming hurdles and navigating the complexity of the 
research. The collective process has kept the author actively involved with his team. While the author’s 
work and theirs are distinct, all the co-authors and supervisors have propelled the study in this field 
forward.  

RESEARCH ROADMAP 

Fig. 1. Roadmap of appended papers for developing SOM-containing ACP and its nanocomposites 
bioink, SN, and DN hydrogels. 

THE MAIN RESULTS OF THE THESIS 

LITERATURE SURVEY 

Bone is a dense form of connective tissue (osseous tissue) that constitutes the fundamental 
framework of the human skeletal system. Osseous tissue comprises specialized cells and a matrix 
comprising 65–70 % biomineral by weight and 5–8 % water, with the rest including organic materials 
[9]. The mineral phase mainly comprises CaP, the principal component being carbonated 
hydroxyapatite (cHA). The organic matrix comprises 90 % collagen and 10 % non-collagenous 
proteins.  

CaP is a significant component in bone. In past decades, various CaP biomaterials have been used 
in bone regeneration studies and clinical applications [10]. Therefore, Publication 1 highlighted a 
comprehensive overview of CaP materials, such as their physical properties, biological occurrences, 
and diverse synthesis methods [11]. The examination revealed that achieving pure crystalline CaP 
requires high-temperature synthesis or treatments, encouraging to review numerous sintering methods 
for obtaining pure and stoichiometric CaP materials.  

Synthetic hydroxyapatite (HA) developed under high temperatures has the chemical formula 
Ca10(PO4)6(OH)2. However, bone apatite formed at low temperatures is not well crystalline and termed 



13 
 

a low or poorly crystalline form of calcium apatite that is structurally disordered and nonstoichiometric 
due to the presence of one or more cationic (Na+, K+, Fe2+, Mg2+, Zn2+, Sr2+) and/or anionic (HPO4

2-, 
CO3

2-, Cl-, F-, citrate) species [12]. Such impurities in bone apatite introduce stress into the crystal 
structure, making it less stable and more reactive [13]. Moreover, bone apatite has a unique geometry 
where the length does not exceed 30–50 nm while maintaining a thickness close to 2 nm [14]. 
Therefore, Publication 3 focused on understanding the mechanism of bone apatite formation [15].  

The organic component of bone plays a vital role in apatite formation. ACP is the first solid phase 
of CaP formed by mitochondrial-dependent cellular mechanisms. ACP is associated with an organic 
compound (Howard factor) in mitochondria, indicating a complex inorganic-organic formation. This 
complex is transferred onto the collagen matrix, where ACP transforms to low crystalline apatite (Ap).  

The organic component of bone plays a crucial role in Ap formation. In bone, collagen is arranged 
in a parallel staggered array, as shown in Fig. 2. The collagen molecules are shifted by distance D, 
wherein one D-repeat consists of a complete collagen sequence of 67 nm, and the distance between 
two tropocollagen subunits measures 40 nm, termed as the gap zone [16]. The gap zone serves as a 
nucleation site for ACP to Ap transformation, wherein Ap achieves its c-axis orientation parallel to the 
long axis of collagen [17].  

However, previous studies have shown that synthetic combinations of ACP/collagen cannot initiate 
apatite nucleation [18]. Therefore, it was clear that collagen alone cannot initiate mineralization 
independently, and a nucleation catalyst regulating the process is present. The nucleation catalyst is an 
organic molecule of specific reactive side chains (carboxyl or hydroxyl groups) arranged in a 
stereochemical array [8].  

Fig. 2. Schematic illustration of the hierarchical structure of collagen. 

Poly-aspartate was the first organic compound analyzed for collagen interfibrillar mineralization. 
Adding poly-aspartate improves the connection between CaP and collagen, creating separate CaP 
crystals in the collagen fibril. On the contrary, the absence of poly-aspartate resulted in clusters of CaP 
crystals loosely bound to collagen fibril. Poly-aspartate interacts with CaP by surface adsorption, and 
the delay of CaP crystallization can be due to retarding the transformation rate of ACP to Ap or due to 
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interaction with the crystalline phase by inhibition growth of nuclei [7]. This study established the 
fundamental significance of organic molecules in regulating collagen interfibrillar mineralization.  

Subsequently, further research was focused on analyzing different organic molecules (non-
collagenous proteins, polymers, and small organic molecules) in developing synthetic CaP. The list of 
the organic molecules used in developing CaP is highlighted in Publication 3. 
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SELECTION OF SMALL ORGANIC MOLECULES 

Naturally, ACP is formed through a mitochondrial-dependent cellular mechanism, as illustrated in 
Fig. 3 A). Furthermore, ACP forms a complex with an organic compound in the mitochondria. The 
literature showed that the side chains of organic compounds (carboxyl and hydroxyl groups) can induce 
apatite nucleation [5]. The functional groups should have the required configuration to induce CaP 
nucleation under stimulated body conditions. Therefore, in this study, selected five synthetic SOMs 
have been selected that are also naturally present in mitochondria. These SOMs play a role in bone 
regeneration and have different functional groups, as shown in Fig. 3 B).  

Fig. 3. A) – Formation of ACP by mitochondrial-dependent cellular mechanism. B) – Synthetic 
SOMs that are also naturally present in mitochondria are used to synthesize SOM-containing ACP. 

Acetate is a monocarboxylic compound that enhances stem cell differentiation by increasing 
histone acetylation and chromatin assembly. Bone marrow mesenchymal stem cells (MSCs) regulate 
bone regeneration by giving rise to adipocytes, chondrocytes, and osteoblasts. However, aged MSCs 
have a decreased capacity to differentiate into osteogenic and chondrogenic linage. Treatment of aged 
MSC by supplementing acetate rescues the osteogenic defects of aged MSC [19].  

Itaconate and glutamate are dicarboxylic compounds present in mitochondria. Itaconate is a 
metabolite that regulates osteoclast differentiation and activation, maintains bone homeostasis, and 
reduces inflammatory bone loss caused by lipopolysaccharide-induced inflammation [20]. Glutamate 
is a fundamental extracellular messenger molecule used for neural and non-neural signaling in bone. 
The osteoblasts, osteoclasts, and bone marrow cells express the glutamate receptors. Activation of 
glutamate receptors controls the phenotype of osteoblasts and osteoclasts in vitro and bone mass in 
vivo [21]. Moreover, glutamate has attained the nitrogen balance in a fractured bone, thus accelerating 
the bone healing process  [22].  

Citrate is a tricarboxylic compound and an essential component synthesized in the Kerbs cycle. In 
1941, the presence of citrate in bone was first identified [23]. The citrate concentration in bones is 20–
80 μmol/g, which is 100–400 folds higher than in most soft tissues. Bone comprises 1.6 % citrate, and 
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about 90 % of body citrates are found in human bone [24]. Recent NMR studies have shown the 
presence of citrate in bone [25]. The complex interaction of the citrate with the apatite regulates the 
Ap's lattice orientation, particle size, and distribution. The long axis of the citrate molecule is parallel 
to the surface of the apatite. The three carboxylic groups of citrates are at 0.3–0.45 nm from the apatite 
surface. The spacing of the carboxylic groups matches with the calcium ion along the c-axis of the 
apatite. Therefore, the crystal growth is inhibited in the direction of thickness but continued in the 
longitudinal direction [26]. 

Ascorbate (vitamin C) is crucial in collagen synthesis and is a vital organic compound in connective 
tissues and bone [27]. Collagen provides structure and flexibility to the bone, enabling it to withstand 
mechanical stress. Without sufficient ascorbate, collagen synthesis is impaired, weakening the bone 
structure and increasing susceptibility to bone fractures [28]. Furthermore, osteogenic cell 
differentiation depends on ascorbate [29], [30].  

In summary, SOMs such as acetate, itaconate, glutamate, citrate, and ascorbate play a crucial role 
in bone physiology. Therefore, these SOMs were used to synthesize SOM-containing ACP, and the 
effect of different functional groups on the physiochemical properties of ACP and cytocompatibility 
was analyzed.  

 
 
 

SYNTHESIS OF ACP WITH SOM 

Initially, the dissolution precipitation method was used to synthesize ACP in one step involving the 
dissolution of hydroxyapatite and rapid addition of alkali (Publication 2), as depicted in Fig. 4 A). 
However, previous studies have performed the synthesis of SOM-containing ACP by a multi-step 
approach wherein the SOM was either introduced in its acidic or basic form, as illustrated in Fig. 4 B). 
Therefore, the aim was to develop a one-step approach to synthesize ACP both with and without SOM.  

The complicated step in ACP synthesis is the triprotic nature of phosphate ions. In an acidic 
solution, ACP contains HPO4

2- instead of PO4
3- therefore compromising the synthesized product (ACP) 

[31]. Boskey and Posner have proved the influence of factors such as synthesis pH, surface area, 
calcium concentration, stirring rate, and slurry concentration on the physiochemical characteristics of 
synthesized ACP under consistent temperature conditions at 26 °C. The effect of the synthesis pH of 
ACP on the transformation time to apatite is shown in Table 1. 

Table 1 
Effect of Synthesis pH on ACP Transformation to Apatite [32] 

ACP synthesis pH Time needed for ACP transformation to apatite (min) 
6.8 16 
7.0 30 
7.5 48 
8.0 120 
9.0 135 

10.0 280 
 
The literature describes various approaches to synthesize pure and SOM-containing ACP. Different 

approaches have different synthesis parameters, such as pH, stirring rate, reaction time, volume, and 
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calcium and phosphate ion concentrations. Therefore, comparing pure and SOM-containing ACP 
becomes problematic when using different synthesis parameters.  

In the Doctoral Thesis, a one-step wet chemical synthesis approach of pure and SOM-containing 
ACP was developed, keeping constant synthesis parameters such as synthesis pH, reaction volume, 
temperature, stirring rate, and calcium and phosphate ions concentrations. This standardized approach 
allows us to analyze the effect of SOM on ACP's physiological properties.  

The synthesis approach described  in Publication 4 for the pure ACP employed the following 
strategy: calcium chloride or calcium nitrate solutions (150 mM in 150 ml Milli-Q® water) were 
prepared, and their pH was adjusted to 11.5 using 3M NaOH solution, followed by the addition of an 
equal amount of trisodium phosphate (100 mM in 150 ml Milli-Q® water) under constant stirring of 
500 rpm, as illustrated in Fig. 4 C).  

Similarly, for the synthesis of SOM-containing ACP (Publications 4 and 5), (150 mM) calcium 
acetate, (50 mM) calcium citrate, or (150 mM) calcium glutamate was added in 150 ml Milli-Q® water. 
Their pH was adjusted to 11.5 using 3M NaOH solution, followed by adding an equal amount of 
trisodium phosphate (100 mM in 150 ml Milli-Q® water) under constant stirring of 500 rpm, as 
illustrated in Fig. 4 D).  

The process for itaconate and ascorbate-containing ACP followed a similar approach, as shown in 
Fig. 4 D). Calcium chloride (150 mM) and itaconic anhydride (150 mM) or ascorbic acid were added 
to 150 ml Milli-Q® water. Their pH was adjusted to 11.5 using 3M NaOH solution, followed by adding 
an equal amount of trisodium phosphate (100 mM in 150 ml Milli-Q® water) under constant stirring of 
500 rpm.  

Fig. 4. Traditional synthesis approach for pure ACP (A) and SOM-containing ACP (B). The 
synthesis approach in which the pH of the calcium chloride solution was adjusted to 11.5 using 3M 

NaOH, followed by adding trisodium phosphate (C). SOM was consumed as calcium salt, making pH 
adjustment convenient with marginal pH variation after adding trisodium phosphate (D). 

In every synthesis method, the pH of the calcium salt (with or without SOM) was set to 11.5 using 
3M NaOH, and trisodium phosphate inherently had a pH of 12. The reaction pH stayed between 10.5 
and 11.5 when these solutions were mixed. Moreover, the synthesis reaction volume, temperature, 
stirring rate, calcium and phosphate ions concentrations, and the downstream process (centrifuge, 
washing thrice with Milli-Q® water, liquid nitrogen freeing of precipitate, and lyophilization) were the 
same. As a result, pure and SOM-containing ACPs were produced under similar conditions, enabling 
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a comparison between them. Moreover, it also allows examining the effect of SOM on physiochemical 
properties and transformation kinetics of ACP to Ap. 
 
 

PHYSIOCHEMICAL PROPERTIES OF SYNTHESIZED ACP VARIANTS 

Publication 4 outlines the physiochemical characteristics of synthesized pure ACP as well as 
ACP_CIT and acetate-containing ACP (ACP_ACE). At the same time, Publication 5 provides 
information on ascorbate (ACP_ASC), glutamate (ACP_GLU), and itaconate-containing ACP 
(ACP_ITN). 

The XRD analysis of all the synthesized ACP variants shows a broad featureless background, 
showing an X-ray amorphous nature. The splitting in the v4 PO4

3- vibration region (500–620 cm–1) in 
FTIR spectra is not seen, thus confirming the amorphous nature of all the synthesized ACP variants.  

The solid-state 31P nuclear magnetic resonance (NMR) analysis of all ACP variants has shown a 
characteristic broad Gaussian peak centered from 2.2 ppm to 6.5 ppm, corresponding to ACP. The 
functional groups of ACP and respective SOM were confirmed using FTIR and solid-state 13C nuclear 
magnetic resonance (NMR) analysis. 

The morphology of ACP observed in zebrafish fin, embryonic chicken long bones, and developing 
mouse calvaria were either spherulite or globular, with particle sizes ranging from 10–50 nm [33], [34]. 
Figure 5 displays the TEM analysis of the synthesized and SOM-containing ACP variants.  

 
Fig. 5. Morphology and particle size analysis of all the synthesized ACP variants (scale bar of 20 

nm): A) – pure ACP, B) ACP_ACE (acetate-containing ACP); C) – ACP_ITN (itaconate-containing 
ACP); D) – ACP_GLU (glutamate-containing ACP; E) – ACP_ASC (ascorbate-containing ACP); 

and F) – ACP_CIT (citrate-containing ACP). 

A) Pure ACP B) ACP_ACE C) ACP_ITN 

D) ACP_GLU E) ACP_ASC F) ACP_CIT 
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The pure ACP, ACP_ACE, ACP_ASC, ACP_GLU, and ACP_ITN have a hollow spherical 
morphology with particle sizes close to 20 nm. On the other hand, ACP_CIT shows globular 
morphology with particle size close to 40 nm. 

The effect of SOM on ACP's true density and specific surface area is shown in Table 2. The SOM 
used in this study possesses different functional groups. For instance, acetate is monocarboxylic, 
glutamate and itaconate is dicarboxylic, citrate contains tricarboxylic and a hydroxyl group, and 
ascorbate has hydroxyl groups. Both calcium and phosphate ions in ACP can react with the carboxylate 
group of acetate, citrate, itaconate, and glutamate. Similarly, the hydroxyl group can react with both 
phosphate and calcium ions. The functional group variations offer diverse negative charges, which 
react differently with calcium and phosphate ions in ACP. Therefore, the effect of SOM was observed 
on ACP's morphology, particle size, density, and SSA of ACP. 

Table 2  
Density and SSA of Synthesized ACP Variants 

Sample True density (g/cm3) SSA (m2/g) 
Pure ACP 2.62 105 

Acetate-containing ACP 2.47 118 
Itaconate-containing ACP 2.43 130 
Glutamate-containing ACP 2.64 92 
Ascorbate-containing ACP 2.82 115 

Citrate-containing ACP 2.57 62 
 

CRYSTALLIZATION KINETICS OF SYNTHESIZED ACPS IN AQUEOUS 
MEDIUM 

In vitro analysis is the primary measure to scrutinize the cellular responses of a material. This 
examination often involves the material's exposure to diverse solutions. Specifically, for ACP, which 
is recognized for its metastable nature, a comprehensive investigation of its transformation kinetics in 
an aqueous medium becomes crucial before evaluating the in vitro performance. Therefore, in 
Publication 5, transformation kinetic experiments of all the synthesized ACPs were performed. The 
media used were DI water, PBS, and α-MEM medium.  

In literature, earlier studies have discovered that the transformation kinetics of ACP to Ap is 
unaffected by the following factors: a) the nature of the buffer system used, b) the presence of different 
types of univalent ions, c) the ACPs were in contact with mother liquor or filtered, dried, or added to 
the fresh buffer. The parameters affecting the transformation kinetics are stirring rate, slurry 
composition, solvent type, presence of foreign ions, and additives (polyelectrolytes, phospholipids, 
polyglycols, proteins). In this context, the effect of SOM on ACP to Ap transformation has received 
relatively less attention [32].  

The transformation experiments were initially performed in DI water, as shown in Fig. 6. Results 
revealed that the transformation of ACP_ACE to Ap was faster than pure ACP. The side chains of an 
organic compound (carboxylate or hydroxyl groups) allow interaction with CaP by surface adsorption. 
The functional groups in organic molecules possess different effects on the physiochemical properties 
of ACP (morphology, particle size, SSA, and true density of ACP).  
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NMR analysis has confirmed that pure ACP has carbonate ions with a negative charge of –2. 
Acetate consists of single carboxylic groups offering a negative charge of –1. Fluoride ions also have 
a negative charge of –1; therefore, the transformation of ACP to Ap was faster in the presence of 
fluoride-doped ACP than in pure ACP [35], [36]. The negative charge of –1 in acetate was attributed 
to the faster transformation of ACP_ACE to Ap. The presence of carbonate ions in ACP is known to 
retard its conversion to Ap [31]. Similarly, itaconate and glutamate are dicarboxylic compounds with 
a negative charge of –2 and may behave similarly to carbonate-substituted ACP. Therefore, the 
transformation rate of pure ACP, ACP_GLU and ACP_ITN was the same.  

Citrate is a tricarboxylic compound that can interact with CaP in four ways. The first most accepted 
interpretation is the interaction of Ca2+ with the COO-, a group of citrates. The second interpretation is 
the interaction of OH- of citrate with the phosphate ions. The third possible occurs through the 
substitution of the phosphate group with citrate anion. The fourth prediction is the interaction of 
carboxylic groups with phosphate ions. The carboxylate group of citrate has a negative charge of –3 
offering multiple interactions with ACP, which can be attributed to the retarded transformation rate of 
ACP_CIT. In the case of ascorbate anion, the transformation rate was slower than other ACP variants 
(except ACP_CIT). The ascorbate anion can react with ACP, which may result in complex formation, 
thus retarding its conversion to Ap. 

In PBS, all the synthesized ACPs showed rapid transformation to Ap. Earlier studies have revealed 
that in the presence of PBS solution, the organic compounds are released from the surface of ACP due 
to ionic exchange with the phosphate groups in the medium. This leads to an elevated phosphate 
concentration in ACP, thus reducing stability and rapidly transforming to Ap [37]. The phosphate 
content in the α-MEM medium was less than in PBS. Therefore, the transformation kinetics were 
slower (except for the ACP_CIT).  

In the case of ACP_CIT, the amorphous nature was kept up to 2880 min in the α-MEM medium. 
In literature, the interaction of serum albumin with citrate-stabilized gold nanoparticles forms a protein-
rich layer around the particle. Similarly, the delayed transformation of ACP_CIT may be due to the 
interaction of negatively charged citrate with Fetal bovine serum (FBS) present in α-MEM medium 
[38], [39].  

FTIR analysis confirmed that the functional groups of respective SOMs in the transformed Ap were 
retained. SOM-containing Ap can be developed by integrating the synthesis and transformation 
kinetics approaches.  
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Fig. 6. Transformation kinetics of ACP to Ap in different aqueous mediums. The evaluation was 
based on v4 PO4

3- vibration region. The samples that did not show clear splitting in the v4 PO4
3- 

vibration region were termed amorphous; on the contrary, the samples that showed splitting of the v4 
PO4

3- vibration region were termed low crystalline apatite. 

Pure ACP ACP_ACE ACP_ITN 

ACP_GLU ACP_CIT ACP_ASC 

DI water 

Pure ACP ACP_ACE ACP_ITN 

ACP_GLU ACP_CIT ACP_ASC 

Phosphate buffer saline 

Pure ACP ACP_ACE ACP_ITN 

ACP_GLU ACP_CIT ACP_ASC 

α-MEM cell culture media 
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IN VITRO ANALYSIS OF SYNTHESIZED ACPS 

In vitro analysis of synthesized ACPs was performed with an osteoblast precursor cell line derived 
from mouse (Mus musculus) calvaria (MC3T3-E1). For cellular analysis, suspensions were prepared 
by adding 10 % w/v ACP precipitate in α-MEM medium and incubated at 37 °C in a humidified 
atmosphere of 95 % air and 5 % CO2 for 24 h.  

The extracts were collected by centrifugation and filtered to eliminate solid particles. The extracts 
were diluted with α-MEM medium to get the concentration of 1 % and 0.1 % w/v. For in-vitro analysis 
three concentrations were tested as follows: 10 %, 1 %, and 0.1 % w/v of each ACP variant. The 
extracts were then added to MC3T3-E1 containing well plates and incubated for 48 h. The α-MEM 
medium was added as a positive control. In contrast, the α-MEM medium with 6 vol% DMSO 
(dimethyl sulfoxide) was used as a negative control. The WST-8 (CCK-8, Sigma Aldrich) kit was used 
to analyze cell viability.  

In Publication 4, in vitro analysis of pure ACP, ACP_ACE and ACP_CIT was performed. The 
absorbance recorded from the positive control cells cultured in only medium was normalized to 100 %. 
The cells cultured with a 10 % w/v ACP_ACE extract showed the lowest cell viability. In contrast, the 
highest cell viability was observed in a 0.1 % w/v extract ACP_CIT. In the group of 10 % w/v, 
ACP_CIT has the highest cell viability, followed by pure ACP (ACP_CL and ACP_NIT) and 
ACP_ACE.  

Since all the ACP samples shown in Fig. 7 exhibited cell viability of more than ~ 70 %, it can be 
inferred that all the samples were cytocompatible. In vitro analysis showed that ACP_CIT possesses 
maximum cell viability compared to other ACP samples (pure and ACP_ACE). This shows that the 
association of citrates enhanced the cell viability of ACP. 

Fig. 7. Relative viability of MC3T3-E1 cells cultured with extract of different ACPs in 10 %, 1 %, 
0.1 % w/v cell culture media dilutions (n = 12; CNT = control; samples in triplicate; *p < 0.05). The 

CL and NIT represent the pure ACP samples, while CIT and ACE represent citrate and acetate-
containing ACP. 

In Publication 5, in vitro analysis of ACP_ASC, ACP_ITN and ACP_GLU was performed. The 
CNT+ and CNT– were positive and negative controls, respectively. Results revealed that the 10 % w/v 
ACP_GLU was cytotoxic. Higher glutamate concentration leads to excitotoxicity and or oxidative 
glutamate toxicity [40], [41]. However, reducing the concentration to 1 % w/v, ACP_GLU improved 
cell viability.  

The 10 % w/v ACP_ITN and ACP_ASC concentration was better than 10 w/v% ACP_GLU. A 
similar trend was found in 1 w/v% ACP_ITN and ACP_ASC. The cell viability of 10 % and 1 % w/v 
ACP_ASC was better than CNT+.  
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Ascorbate is critical for the differentiation of the preosteoblast, and this may explain the higher cell 
viability [42], [43]. In conclusion, ACP samples (except 10 % w/v ACP_GLU), shown in Fig. 8, 
exhibited cell viability of more than ~ 70 %. It can be inferred that all the samples were cytocompatible. 

Fig. 8. Relative cell viabilities of MC3T3-E1 cells cultured with extracts of ACP variants (10 % 
and 1 % w/v) prepared in α-MEM medium. All the samples were analyzed in triplicate, and data is 
presented in average and standard deviation. The CNT+ and CNT– were positive and negative 
controls, respectively. 

NANOCOMPOSITE BIOINK 

The nanocomposite bioink containing ACP was designed for the first time. To analyze the effect 
of particle size, transformation kinetics, and respective SOM-containing ACP on the printed constructs' 
bioink properties and structural integrity, citrate and acetate-containing ACP were used for the 
nanocomposite bioink development.   

In Publication 6, bioprinting of the nanocomposite scaffold was performed in three stages: pre-
printing, printing, and post-printing analysis.  

In the pre-printing stage designing approach, scaffold material and cells were selected. Two 
nanocomposite bioinks were developed by incorporating ACP_CIT and ACP_ACE in the alginate-
dialdehyde and gelatin (ADA-GEL) organic matrix.  

GEL is a single-stranded protein obtained from the hydrolytic degradation of collagen. It consists 
of a large number of glycine, proline, and 4-hydroxyproline residues and displays similar 
biomechanical properties to collagen [44]. Alginate is a natural polymer obtained from brown seaweed 
consisting of β-(1-4) linked to mannouronic acid and β-(1-4) linked with I-glucuronic acid units. It 
lacks a cell attachment site and is often used with GEL to fabricate 3D scaffolds [45]. Alginate lacks 
binding properties with GEL; therefore, it was modified to alginate dialdehyde (ADA), offering 
reactive groups for crosslinking GEL by Schiff base formation [46].  

The second step was printing, in which the oscillator shear tests and optimization of bioprinting 
parameters were performed with the hydrogels. The amplitude sweep analysis is the first step in 
characterizing the linear viscoelastic region (LVE) of the hydrogels [47].   

The LVE region of all the synthesized hydrogels falls within 20 % of the strain, as shown in Fig. 
9 A–C. Therefore, further analysis was performed at 1 % strain. The frequency sweep analysis was 
performed to analyze the storage moduli (G') and loss moduli (G") of the hydrogels, as shown in Fig. 
9 D–F.  
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The formulated hydrogels of ADA-GEL and ACP reinforced ADA-GEL have G' > G", favorable 
for bioprinting of scaffold. The G' and G" value of hydrogels was analyzed at the lowest frequency of 
1 Hz. In the ADA-GEL hydrogel, the G' and G" were 99.2 ± 9.3 Pa and 9 ± 1.1 Pa, respectively. By 
the addition of ACP_ACE in ADA-GEL hydrogel, the G' and G" of 134.9 ± 16.5 Pa and 6.5 ± 0.5 Pa; 
on the other hand, incorporation of ACP_CIT in ADA-GEL hydrogel shows G' and G" of 142.6 ± 
14.1 Pa and 7.6 ± 1.2 Pa, respectively. The flow behavior of all the formulated hydrogels has non-
Newtonian shear thinning properties, as shown in Fig. 9 G.  

Fig. 9. Oscillatory shear tests of the ADA-GEL and ACP-reinforced ADA-GEL hydrogels. A–C – 
Amplitude sweep analysis was performed to assess the LVE region of the hydrogel. D–F – 

Frequency sweep analysis to examine (G') and loss moduli (G") of the hydrogels. Results indicate 
that reinforcement of ACP in ADA-GEL enhances both G' and loss moduli G" of the ADA-GEL 

hydrogel. G – A flow behavior analysis of hydrogels was performed using viscosity analysis against 
shear rate. An increase in the shear rate led to decreased viscosity, revealing the shear-thinning 

properties of hydrogels. 

Further, the printing parameters were optimized by a trial-and-error method using ADA-GEL 
hydrogel. An 8 × 8 mm2 construct optimized pressure and printing speed. Initially, the printing was 
performed slowly at 2 mm/s, and the pressure was varied. Printing speed was adjusted once the 
construct with the unbroken grid line and uniform pores were obtained, as shown in Fig. 10. 
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Fig. 10. Trial-and-error approach for evaluating the optimum printing under different printing 
pressure and speed combinations. A – Initially, the printing pressure was assessed at a slow printing 

speed of 2 mm/s. B – To overcome this, printing was performed at different speeds, keeping the 
pressure at 65 kPa. 

The optimized printing pressure and speed of 65 kPa and 5 mm/s were used to fabricate constructs 
with ADA-GEL and ACP-reinforced ADA-GEL bioink, which were further crosslinked (using calcium 
chloride and microbial transglutaminase) and immersed in α-MEM cell culture media. The third step 
of post-printing analysis of the construct is essential to ensure the stability of the printed construct. 
Printability index and average pore area analysis were performed using ImageJ software. The 
printability index reveals the scaffold's pore geometry, which was analyzed at different day points. 
Moreover, the results from the printability index were correlated with the average pore area, as shown 
in Fig. 11. 

The pore geometry of the printed constructs was evaluated using the printability index [48]. The 
circularity (C) of an enclosed area is defined as follows:  

 𝐶𝐶 =  4𝜋𝜋𝜋𝜋
𝐿𝐿2

,                                                      
 (1) 

where L is the perimeter, and A is the area of the pore. Circles have the highest circularity where C 
equals 1, whereas, for the square shape, circularity equals π/4. Therefore, previous studies have defined 
the bioink printability index (Pr) based on a square shape using the following function [49]:  

 𝑃𝑃𝑃𝑃 =  𝜋𝜋
4

. 1
𝐶𝐶

= 𝐿𝐿2

16𝐴𝐴
 . (2) 

A. Optimizing pressure 
65 kPa 50 kPa 45 kPa 55 kPa 60 kPa 

2 mm 

B. Optimizing printing speed 

5 mm/s 6 mm/s 2 mm/s 1 mm/s 3 mm/s 4 mm/s 

70 kPa 
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For an ideal gelation condition, the interconnected channels of the constructs would display a 
square shape with a Pr value of 1. The Pr > 1 shows irregular pore geometry, while Pr < 1 signifies 
curved geometry [50]. Optical images of ADA-GEL and ACP-reinforced ADA-GEL constructs were 
obtained using a stereo microscope. The circularity of pores (n = 16) of each construct was analyzed 
using ImageJ software (National Institute of Health, Maryland, USA), and Pr values were calculated 
[51]. The data are presented as averages of Pr values with standard deviation.    

Fig. 11. Post-printing analysis of the printed construct of ADA-GEL and ACP reinforced ADA-GEL 
bioink (ADA-GEL-ACP_ACE and ADA-GEL-ACP_CIT). Stereo microscopy image analysis was 
performed on days 1, 3, 7, and 14 (scale bar 2 mm). Printability index (Pr) and average pore area 

analysis were performed using image J analysis by selecting 16 pores. Pore geometry was evaluated 
by analyzing the Pr value; for instance, Pr < 1 represents curved, Pr = 1 corresponds to square, and 

Pr > 1 resembles variable pore geometry. A–C  reveal the Pr values. D–F show the average pore area 
of bioink. ADA-GEL bioinks show rapid conformational changes in pore geometry and reduction in 
the average pore area of bioink, showing poor structural stability compared to ACP-reinforced ADA-

GEL bioinks. 

ACP_CIT offers better structural integrity than ACP_ACE, possibly due to the ion release kinetics 
shown in Fig. 12. The ion release was studied for 168 h (seven days) to analyze calcium and phosphate 
ion release. Initially, a burst release was observed within the first few hours, gradually reducing over 

2 mm 

Day 1 Day 3 Day 7 Day 14
0.0

0.6

1.2

1.8  ADA-GEL

Pr
 v

al
ue

s

Day 1 Day 3 Day 7 Day 14
0.0

0.6

1.2

1.8

Pr
 v

al
ue

s

 ADA-GEL-ACP_ACE

Day 1 Day 3 Day 7 Day 14
0.0

0.6

1.2

1.8  ADA-GEL-ACP_CIT

Pr
 v

al
ue

s

Day 1 Day 3 Day 7 Day 14
0

1

2

3

A
ve

ra
ge

 p
or

e 
ar

ea
 (m

m
2 )

Calculated pore area

 ADA-GEL

Day 1 Day 3 Day 7 Day 14
0

1

2

3
 ADA-GEL-ACP_ACE

Calculated pore area

A
ve

ra
ge

 p
or

e 
ar

ea
 (m

m
2 )

Day 1 Day 3 Day 7 Day 14
0

1

2

3
 ADA-GEL-ACP_CIT

Calculated pore area

A
ve

ra
ge

 p
or

e 
ar

ea
 (m

m
2 )

A B C 

D E F 

2 
m
m 

2 
m
m 

Day 1 Day 3 Day 7 Day 14 

A
D

A
-G

EL
 

A
D

A
-G

EL
-

A
C

P_
C

IT
 

A
D

A
-G

EL
-

A
C

P_
A

C
E

 

Pora geometry 

Pr=1 

Pr>1 

Pr<1 

2 mm 



27 
 

time [52], [53]. The highest ion release was observed in ACP_CIT, while the calcium and phosphate 
ions released in ACP_ACE were low, ranging between 1–1.5 mM.  

Fig. 12. Kinetic release of phosphate and calcium ions. A) – ACP_CIT and B) – ACP_ACE. 

The particle size can also play a crucial role in keeping the structural integrity of the constructs. 
ACP_ACE has a smaller particle size (~ 20 nm) than ACP_CIT (~ 40 nm) (for more details, see 
Publication 4). Smaller particle size provides higher surface area and a higher agglomeration tendency, 
thus affecting the structural integrity [54].  

The carboxylate group of citrates can potentially react with the amine group of gelatins to form 
amide bond formation. ADA, GEL, or both can be crosslinked with ACP_CIT [55]. However, more 
advanced analyses are needed to confirm the exact mechanism. 

In vitro analysis was performed using Rhodamine phalloidin and DAPI staining. Figure 13 shows 
cellular attachment on day 1, followed by cell elongation, fusion, and network formation on the 
consecutive day points. The scaffold surface was covered with cells on day 14, confirming the 
cytocompatibility of the developed nanocomposite bioink.  

Fig. 13. Epifluorescence microscopy of rhodamine-phalloidin (red) and DAPI (blue) staining of 
MC3T3-E1 cells embedded in ADA-GEL and ACP reinforced ADA-GEL constructs (ADA-GEL-

ACP_ACE and ADA-GEL-ACP_ACE). (Scale bar 500μm). 
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Two-photon microscopy analyzed the three-dimensional cell distribution within the biofabricated 
constructs. The 3D reconstructions of the obtained two-photon microscopy image stacks are presented 
in Fig. 14, showing cell distribution in the scaffolds. The images show that the cell population gradually 
grows over time in the scaffolds, supporting the results from the epifluorescence microscopy 
experiments.  

Fig. 14. Three-dimensionally reconstructed multiphoton microscopy images for qualitative 
morphometry and cell distribution analysis. 

NANOCOMPOSITE HYDROGELS 

In Publication 7, a nanocomposite hydrogel was developed by incorporating ACP_CIT in the 
gelatin methacrylate (GELMA) matrix. GELMA is an attractive material in tissue engineering due to 
its biocompatibility, biodegradability, bioactivity, and unique crosslinking properties in developing 
nanocomposite hydrogels [56]. 

A commonly used method for crosslinking GELMA hydrogels is photo-crosslinking, wherein 
ultraviolet (UV) light and a photo-initiator are used. The GELMA solution has a photo-initiator that is 
exposed to UV light. The photo-initiator absorbs the UV light and undergoes a photolysis reaction, 
generating free radicals. The generated free radicals then react with the methacryloyl groups present in 
GELMA, causing the formation of radicals on the GELMA molecules. The radicals on neighboring 
GELMA chains start a chain reaction, forming covalent bonds between the methacryloyl groups. 
Similarly, a redox system uses a chemical initiator, APS and TEMED.  

Photo-crosslinking has disadvantages, such as slow in situ gelation and complex preparation 
processes [57]. One of the significant limitations of photo-crosslinking is the incorporation of fillers 
that make the hydrogel opaque, which deteriorates light penetration, thus obstructing the 
photopolymerization reaction process and curing depth [58]. ACP fillers create opaque hydrogel, as 
shown in Fig. 15 B), which makes photo-crosslinking of GELMA difficult. Therefore, we have utilized 
the redox initiator chemical crosslinking approach using APS/TEMED to develop GELMA- ACP_CIT 
hydrogels [59]. The fabricated hydrogels are shown in Fig. 15. Adding ACP_CIT has enhances the 
viscoelastic properties of GELMA hydrogel.  
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Fig. 15. Fabricated GELMA and GELMA-ACP_CIT hydrogels. 

The amplitude sweep is shown in Fig. 16 A–C. The LVE region of the hydrogel was analyzed using 
amplitude sweep, which falls under 10 % of the stain. Therefore, further analysis was performed under 
1 % strain. The storage (G") and loss modulus (G') of the uncrosslinked GELMA was very low (less 
than 0.1 Pa) with a crossover point (G" = G') of 501 %, indicating its ability to withstand strain-induced 
irreversible deformation. After cross-linking, the G" and G' of the GELMA hydrogel were enhanced, 
whereas the crossover point decreased to 125.8 %. Adding ACP-CIT to GELMA hydrogel enhanced 
the modulus by increasing the crossover point to 158.4 %. The crossover point was enhanced, resulting 
in hydrogel's ability to withstand strain-induced irreversible deformation.  

A frequency sweep analysis was performed to evaluate the viscoelastic properties of the prepared 
hydrogels, as shown in Fig. 16 D–F. The G' and G" of the hydrogels were analyzed against the 
frequency of 1 Hz shown in Fig. 16 A. Uncrosslinked GELMA possesses very low G' (0.12 Pa) and 
G" (0.016 Pa) corresponding to the characteristic of weak and soft material. On the contrary, after 
crosslinking, the GELMA hydrogel G' (82.6 ± 13 Pa) and G" (2.28 ± 0.5 Pa) were enhanced, 
corresponding to the increase in strength. Incorporating ACP_CIT have shown further enhancement of 
G' (318.8 ± 6.5 Pa) and G" (11.3 ± 0.23 Pa) values, conforming reinforcement of GELMA hydrogel. 

Fig. 16. The viscoelastic properties of the hydrogels were analyzed using oscillatory shear tests:  
A–C – the LVE region of the hydrogel was analyzed by amplitude sweep; D–F – investigation 

of storage and loss modulus of the hydrogels by frequency sweep analysis. 

The in vitro analysis of the developed SN hydrogels was evaluated using rhodamine phalloidin and 
DAPI staining, as shown in Fig. 17. Cell attachment to the hydrogels was observed on day 1. By day 
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7, the cells were spread and distributed well on the hydrogel, confirming the cytocompatibility of 
APS/TEMED crosslinking. Furthermore, ACP_CIT did not harm the proliferation of MC3T3-E1cells. 

 

Fig. 17. Fluorescent microscopy of rhodamine-phalloidin (red) and DAPI (blue) staining of MC3T3-
E1 cells in GELMA and GELMA-ACP_CIT hydrogels. 

 

NANOCOMPOSITE DOUBLE NETWORK HYDROGELS 

In Publication 8, a nanocomposite DN hydrogel consisting of ACP_CIT in a P123-PAM-GELMA 
matrix was fabricated. The first network of DN hydrogel was created using Pluronic P123. The second 
network consists of polyacrylamide (PAM) and GELMA co-polymers. The second network was 
crosslinked using ammonium persulfate (APS) and N,N,N′,N′-Tetramethylethylenediamine (TEMED), 
as shown in Fig. 18. 

Fig. 18. Development of DN hydrogel by a physical-chemical network. Pluronic P123 self-assembly 
was used as a primary network, and the secondary network was composed of a co-polymer system 
made up of polyacrylamide-gelatin methacrylate (PAM-GELMA). Moreover, the ACP_CIT was 

utilized as an inorganic filler. 

A systematic approach was deployed for preparation for DN nanocomposite hydrogels; initially, 
the impact of varying w/v concentration of P123 (2.5 %, 5 %, 7.5 %, and 10 %) on mechanical 
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properties (Young's modulus, tensile strength, elongation at break) of PAM-GELMA was explored. 
Amongst these, the DN hydrogel with 7.5 w/v% P123 in PAM-GELMA (DN3) exhibited the highest 
mechanical properties; therefore, it was further used for the development of nanocomposite DN 
hydrogels by incorporating different w/v concentrations of ACP_CIT (0.75 %, 1.5 %, and 3 %) in 
P123.  

The nanocomposite DN hydrogels with 0.75 % w/v ACP_CIT (abbreviated as DN3-ACP0.75) 
exhibited the highest mechanical properties (as shown in Fig. 19), whose rheological characteristics 
and cytocompatibility were further evaluated and compared with pristine DN hydrogel (7.5 w/v% 
P123-PAM-GELMA) (abbreviated as DN3). 

Fig. 19. Tensile stress-strain curve of the prepared hydrogel. A – Analyzing the effect of P123 
concentration on the Elongation of the PAM-GELMA hydrogel; B – analyzing the effect of 

ACP_CIT concentration on the Elongation of the DN3 hydrogel; C – Young's modulus; D – tensile 
strength, and elongation at break (%) of all the synthesized hydrogels. 

The amplitude sweep of all the synthesized hydrogels reveals that the hydrogels possess G' > G", 
showing gel-like behavior. A frequency sweep analysis was performed to evaluate the viscoelastic 
properties of the prepared hydrogels (for more details, see Publication 8). The G' and G" of the 
hydrogels were analyzed against the frequency of 1 Hz shown in Fig. 20 A. P123 possesses very low 
G' (1904 ± 50 Pa) and G" (1112.3 ± 28.5 Pa), corresponding to the characteristic of weak and soft 
material. On the contrary, the PAM-GELMA hydrogel has high G' (10916.6 ± 625.3 Pa) and G" 
(4058.6 ± 213.8 Pa), corresponding to the high strength and brittle nature. By increasing the P123 in 
PAM-GELMA hydrogel, the G' value was less affected compared to the G" value. The reduction in G" 
means less energy is dissipated during deformation, indicating that the hydrogel behaves more 
elastically and less viscously. Therefore, as the concentration of P123 increases, the difference between 
the G' and G" values shows increasing elastic behavior [60]. This phenomenon was observed until the 
P123 concentration of 7.5 w/v% in PAM-GELMA hydrogel (DN3). However, further increasing the 
P123 concentration to 10 w/v% in PAM-GELMA hydrogel (DN4), the decrease in the G' and increase 
in G", obstructed the elastic behavior of the hydrogel.  
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In the case of nanocomposite hydrogels at lower concentration of ACP_CIT (0.75 % w/v) in DN3 
hydrogels (DN3-ACP0.75), reveals the G' of 9141 ± 2545 Pa and G" of 341.3 ± 134.8 Pa. The 
incorporation of ACP_CIT (0.75 % w/v) decreases G' and G" values, however the reduction in the G' 
was marginal while G" values drastically decreased, which may be responsible for enhancing elastic 
property. However, as the concentration of ACP_CIT (1.5 % w/v) increased in DN3 hydrogels (DN3-
ACP1.5) drastically increased values of G' (17766.6 ± 2689.4 Pa) and G" of (1034.9 ± 290.2 Pa) 
imparting rigidity to the hydrogel. A further increase in ACP_CIT concentration (3 % w/v) in DN3 
hydrogels (DN3-ACP3) shows extreme enhancement on G' (22523.3 ± 6950 Pa) and G" of (1422.6 ± 
47.6 Pa), which may be responsible for compromising the mechanical properties [61], [62]. 

The tan δ analysis of all the synthesized hydrogels is shown in Fig. 20 C. Tan δ is the ratio of G" 
to G' of viscoelastic material often used to analyze the damping properties of the material. It quantifies 
the ratio of energy dissipated as heat. In viscoelastic material, a higher tan δ value (close to 1) indicates 
a higher proportion of energies dissipated as heat relative to the energy stored elastically. On the other 
hand, a lower tan δ value indicates that more energy is elastically stored compared to dissipated energy 
[47].  

Fig. 20. A – Analyzing storage (G') loss modulus (G") at the frequency of 1 Hz. B –Evaluation 
of the tan δ at 1 Hz. C – Tan δ analyzed all synthesized hydrogels at varying frequencies.  D – 

Complex viscosity. 

The tan δ of PAM-GELMA hydrogel was 0.37±0.03 when analyzed at a frequency of 1 Hz, shown 
in Fig. 20 D. Increasing P123 concentration in PAM-GELMA hydrogels shows tan δ of 0.28±0.13 
(DN1), 0.16 ± 0.01 (DN2), 0.067 ± 0.01 (DN3) and 0.09 ± 0.02 (DN4), respectively. This analysis 
revealed that tan δ values decreased till the P123 concentration was 7.5 % w/v in PAM-GELMA 
(DN3), which can be attributed to increased flexibility [63]. However, when the P123 concentration 
was increased to 10 % w/v in PAM-GELMA (DN4), the tan δ value increased, thus hindering the 
damping properties and reducing flexibility.  

In the nanocomposite hydrogels, the tan δ values were 0.036 ± 0.05 (DN3-ACP0.75), 
0.057 ± 0.008 (DN3-ACP1.5), and 0.067 ± 0.02 (DN3-ACP3). The tan δ value of DN3-ACP0.75 was 

0.1 1 10
0.01

0.1

1

Ta
n 

δ

Frequency (Hz)

C D 

P12
3

PAM-G
ELMA

DN1
DN2

DN3
DN4

DN3-A
CP0.7

5

DN3-A
CP1.5

DN3-A
CP3

100

1000

10000

100000
 G'
 G"

G
'an

d 
G

" (
Pa

)

P12
3

PAM-G
ELMA

DN1
DN2

DN3
DN4

DN3-A
CP0.7

5

DN3-A
CP1.5

DN3-A
CP3

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Ta
n 

δ
A B 

0.1 1 10

100

1000

10000

100000

C
om

pl
ex

 v
is

co
si

ty
 (P

a.
s)

Frequency (Hz)



33 
 

the lowest, which can be attributed to the highest elasticity. Increasing the concentration of ACP_CIT 
in DN3 hydrogels to 1.5 % w/v (DN3-ACP1.5) and 3 % w/v (DN3-ACP3) increases the tan δ value, 
which can be attributed to the reduction in the damping properties. With the increase in the ACP_CIT 
concentration, the tan δ value starts to increase, which can alter the crosslinking density and polymer 
chain mobility within the hydrogel, thus affecting the hydrogel's overall mechanical properties.   

The complex viscosity of all the synthesized hydrogel decreased with an increase in frequency, 
demonstrating shear thinning behavior. Variations in the complex viscosities were observed with 
different concentrations of P123 and ACP_CIT in PAM-GELMA hydrogel [64]. As shown in Fig. 
20 D, an increase in P123 concentration in PAM-GELMA hydrogel led to a notable reduction in 
complex viscosity.  

The results from tensile strength analysis go hand in hand with the oscillatory shear tests, 
confirming that blending of P123 enhances the elasticity and mechanical properties of PAM-GELMA 
hydrogels. However, the performance of P123 was concentration-dependent. In addition, the 
performance of ACP_CIT was also concentration-dependent. At deficient concentrations, 
enhancement in elasticity was observed, which may be due to pseudo crosslinking of citrate in 
ACP_CIT with GELMA. However, more advanced analyses are required to confirm the ACP_CIT-
GELMA interaction. The DN3 and its nanocomposite DN3-ACP0.75 hydrogel have the highest 
mechanical properties. Therefore, further analysis was performed on these two hydrogels.  

Creep and recovery behavior help reflect the interaction of polymeric chains of the viscoelastic 
material, which helps to understand and analyze the deformation mechanism of the hydrogels. 
Therefore, the creep recovery analysis was performed to evaluate the interaction change among the 
polymer chain of the one DN3 and nanocomposite DN3-ACP0.75 hydrogels, as shown in Fig. 21 A. 
The incorporation of ACP_CIT in DN3 hydrogel (DN3-ACP0.75) shows a positive effect on 
decreasing creep strain. This can be due to restricted polymer chain movements by adding ACP_CIT 
nanoparticles [65]. The stress relaxation curves are presented in Fig. 21 B. The DN3 and 
nanocomposite DN3-ACP0.75 hydrogels show rapid stress relaxations. 

Fig. 21. Analyzing creep-recovery (A), stress relaxation (B), water uptake capacity (C), and 
photographs of dried and swelled DN3 and DN3-ACP0.75 hydrogels (D and E). 
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The water uptake capacity of DN3 hydrogel and its composite DN3-ACP0.75 is presented in Fig. 
21 C. Both the DN3 and DN3-ACP0.75 hydrogels grow double in size after swelling, as observed in 
Fig. 21 D and E. The incorporation of ACP_CIT in the DN3 hydrogel affects the swelling kinetics. A 
reduction in the water uptake capacity of DN3-ACP0.75 hydrogels can be due to the hindrance of the 
free polymer chain movement by the addition of ACP_CIT [66]. 

The shape memory hydrogel possesses two different types of crosslinks. One of the crosslinks is 
composed of a covalent network, which is essential to maintaining the structural integrity of the 
hydrogel. On the other hand, the second crosslink is composed of a physical reversible network 
responsible for fixing the temporary shape. In this investigation, PAM-GELMA forms the covalently 
crosslinked network [67]. The thermosensitive P123 forms reverse physical crosslinking when exposed 
to high temperature (70 °C), triggering the temporary shape formation when exposed to (4 °C), thus 
providing shape memory and recovery properties, as shown in Fig. 22. 

Fig. 22. Temperature-induced shape memory behavior of DN3 and DN3-ACP0.75 hydrogels. 

In vitro analysis of the fabricated hydrogel was evaluated using rhodamine phalloidin and DAPI 
staining, as shown in Fig. 23. The cell attachment on the hydrogel was observed on day 1. On day 3, 
the cells spread well and were distributed on both hydrogels. On day 7, the scaffold was densely 
populated with cells, confirming the cytocompatibility of developed DN3 and DN3-ACP0.75 
hydrogels.  

 

Fig. 23. Fluorescent microscopy of rhodamine-phalloidin (red) and DAPI (blue) staining of MC3T3-
E1 cells in DN3 and DN3-ACP0.75 hydrogels. 

Day 1 Day 3 Day 7 

D
N

3 
D

N
3-

A
C

P_
C

IT
 

100μm 100μm 100μm 

100μm 100μm 100μm 



35 
 

CONCLUSIONS 

1. The variation in the negative charge within the side chain of SOMs influences the interaction of 
SOMs with ACP, consequently impacting the physiological properties of ACP.  

2. Solution-mediated transformation kinetics of ACP to Ap is affected by the media composition. 
However, the transformation order remains consistent across different media compositions: 
ACP_ACE>>pure ACP=ACP_ITN=ACP_GLU>>ACP_ASC>>ACP_CIT. In PBS, all the 
synthesized ACPs showed accelerated transformation to Ap compared to DI water. The presence 
of phosphate ions in PBS reduces the ACP stability, thus accelerating Ap formation. α-MEM shows 
slower transformation kinetics than PBS, attributed to its lower concentration of phosphate ions. 

3. The addition of 1 % w/v ACP_CIT and ACP_ACE to ADA-GEL hydrogel increases both the 
storage and loss modulus (G' = 142.6 ± 14.1 Pa and G" = 7.6 ± 1.2 Pa for ACP_CIT, G' = 134.9 ± 
16.5 Pa and G" = 6.5 ± 0.5 Pa for ACP_ACE, and G' = 99.2 ± 9.3 Pa and G" = 9 ± 1.1 Pa for ADA-
GEL hydrogel). Enhancements in the storage and loss modulus improved the printed scaffold's 
structural integrity. The enhancement can be attributed to the additional calcium ions provided by 
ACP for ADA crosslinking. 

4. The GELMA hydrogel possesses G' (82.6 ± 13 Pa) and G" (2.28 ± 0.5 Pa) addition of 2 % w/v 
ACP_CIT to GELMA hydrogel enhanced G' (318.8 ± 6.5 Pa) and G" (11.3 ± 0.23 Pa) values, thus 
confirming reinforcement of GELMA hydrogel by addition of ACP_CIT.  

5. The effect of ACP_CIT on the mechanical properties of DN3 hydrogel was concentration-
dependent. Adding 0.75 % w/v ACP_CIT increases the flexibility of DN3 hydrogel, which can be 
attributed to the reduction in polymer chain entanglement by the small amount of ACP_CIT. 
However, as the concentration of ACP_CIT increased, the G' and G" values drastically increased, 
thus imparting rigidity to the hydrogel, resulting in compromised mechanical properties. 
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