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Abstract 

SThe study explores the development of a Chitosan-Whitlockite (Ch-WH) composite scaffold for 

bone tissue engineering. Chitosan, a natural polymer, and Whitlockite (WH), a calcium-magnesium 

phosphate mineral, are combined to leverage their individual properties. The scaffold was synthesized 

and characterized using X-ray diffraction (XRD) to confirm crystalline structure, Fourier-transform 

infrared spectroscopy (FTIR) for chemical interactions, scanning electron microscopy (SEM) for 

surface morphology and porosity, and energy-dispersive X-ray spectroscopy (EDS) to verify 

elemental composition. In vitro evaluations using human osteoblast-like cells demonstrated strong 

biocompatibility, with the scaffold supporting cell adhesion, proliferation, and differentiation. The 

addition of magnesium from Whitlockite enhanced osteoblast activity and bone mineralization. The 

scaffold also exhibited antibacterial properties, minimizing infection risks. With its biocompatibility, 

bioactivity, and antibacterial potential, the Ch-WH composite scaffold presents a promising solution 

for bone tissue engineering, warranting further exploration for clinical applications. 
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Introduction 

Bone fracture healing is a highly complex 

regenerative process aimed at restoring the 

bone to its pre-injury state structurally and 

functionally [1]. Critical-size bone defects 

(CSBDs) are defined as bone defects that are 

too large to heal without intervention, and 

their classification is based on experimental 

data and clinical observations [2]. Bone type, 

species, and patient-specific characteristics, 

including lesion size and volume influence 

these defects.  

Current strategies for treating localized 

bone defects include the use of autografts, 

allografts, and technologies like Masquelet 

membrane induction and bone transfer [3-6]. 

While effective, these approaches present 

limitations, including the need for additional 

surgeries, longer hospital stays, donor site 

morbidity, and complications such as stress 

fractures [7, 8]. In cases where natural healing 

fails, bone regeneration therapies are required 

to address abnormalities, fractures, and non-

unions. Autografts, which involve transferring 

the patient’s bone to the defect site, and 

allografts, which use donor bone, remain 

widely used. Still, these methods are 

constrained by limited donor availability and 

the risk of immune rejection. Synthetic bone 

substitutes, such as ceramics or bioactive 

glass, offer structural support and simulate 
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bone, but they frequently lack the biological 

qualities required for healing [9]. Therefore, 

developing innovative biomaterials to replace 

traditional medical techniques has become a 

research focus in recent years [10]. 

Tissue-engineered constructs, which 

combine cells, scaffolds, and growth factors, 

aim to create bioactive environments 

conducive to healing. Bone tissue is composed 

of both inorganic and organic materials, with 

approximately 65% of its structure consisting 

of inorganic minerals like calcium phosphate. 

The main inorganic component of bone is 

calcium hydroxylapatite [Ca₁₀(PO₄)₆(OH)₂], a 

nanocrystalline material. [11, 12]. In addition 

to calcium and phosphate, trace elements such 

as carbonate and magnesium also contribute to 

the bone’s composition and are influenced by 

environmental and dietary factors. 

With a weight proportion of 20–35%, 

whitlockite is a significant inorganic 

component of bone tissues [13]. Classified as a 

calcium phosphate, whitlockite is an 

uncommon mineral. This compound has the 

formula Ca₉Mg(HPO₄)(PO₄)₆. Whitlockite 

frequently takes the form of rhombohedral 

while exhibiting magnesium locations Ca(IV), 

Ca(V), and HPO42−[14]. This rare mineral is 

found in both natural bone and geological 

environments, including phosphate rock 

deposits and meteorites. Despite the 

challenges associated with synthesizing pure 

whitlockite, its osteoconductive properties, 

biocompatibility, and potential for promoting 

bone cell growth make it a promising 

candidate for bone tissue engineering 

applications [15]. 

Chitosan, a biopolymer derived from the 

deacetylation of chitin—found in the 

exoskeletons of crustaceans and cell walls of 

fungi—is another key material used in tissue 

engineering. Its chemical structure, composed 

of β-(1→4)-linked N-acetyl-D-glucosamine 

and D-glucosamine units, imparts important 

biological properties such as biodegradability, 

non-toxicity, and biocompatibility [16-19]. Its 

solubility, viscosity, and biological 

characteristics are all influenced by the degree 

of deacetylation (DD) [20, 21]. Chitosan’s 

amino groups allow for chemical 

modifications that enhance its utility across 

various biomedical applications.  In tissue 

engineering, chitosan promotes tissue 

regeneration and cell proliferation, making it 

useful in drug delivery, wound healing, and 

scaffold construction [22–25]. Due to its 

similarity to glycosaminoglycans (GAGs), 

chitosan is particularly effective in replicating 

the extracellular matrix of bone [26, 27]. 

The combination of whitlockite's 

osteoconductive qualities and chitosan's 

biocompatibility and biodegradability makes a 

chitosan-whitlockite (CS-WH) scaffold a 

viable option for bone tissue engineering 

applications. These scaffolds typically feature 

an interconnected porous structure that 

supports nutrient transport, waste removal, and 

cell infiltration. The size and distribution of 

pores are critical factors that influence scaffold 

performance, with the ideal structure 

maintaining a balance between porosity and 

mechanical integrity. Chitosan’s network of 

interconnected chains creates the polymeric 

matrix, while whitlockite particles, 

incorporated as nanoparticles, reinforce the 

scaffold by interacting with the chitosan 

matrix. 

Chitosan's positively charged surface 

facilitates cell adhesion by interacting with the 

negatively charged components of cell 

membranes, enhancing cell attachment and 

proliferation. The fabrication method plays a 

significant role in determining the final 

scaffold architecture. Techniques such as 

solvent casting, particle leaching, and 

electrospinning yield scaffolds with varying 

pore sizes, which directly impact cell 

migration and scaffold strength. Furthermore, 

the ratio of chitosan to whitlockite affects 

scaffold properties, with higher chitosan 

concentrations producing more porous 

structures and higher whitlockite 
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concentrations resulting in denser scaffolds. 

The aim of this work is to analyze the 

physical, chemical and biological 

characteristics of a chitosan-whitlockite 

scaffold and evaluate its potential for bone 

tissue engineering applications using in vitro 

analysis. 

Materials and Methods 

Synthesis of Whitlockite (WH) 

To prepare Whitlockite (WH), 25 mL of 

distilled water was used to dissolve 2.96 grams 

of calcium nitrate (Ca(NO₃)₂). In a separate 

solution, 0.449 grams of magnesium nitrate 

(Mg(NO₃)₂) was dissolved in 3.5 mL of 

distilled water. Both solutions were thoroughly 

stirred to ensure complete dissolution. 

Simultaneously, 2.5641 grams of diammonium 

hydrogen phosphate ((NH₄)₂HPO₄) were 

dissolved in 20 mL of deionized water with 

gentle stirring. The calcium and magnesium 

nitrate solutions were slowly added to the 

diammonium hydrogen phosphate solution 

under continuous stirring to ensure 

homogeneity. The pH of the resultant mixture 

was adjusted to 6 by adding ammonia solution 

(NH₄OH) while stirring continuously for 1 

hour. 

The solution was then subjected to 

autoclaving at 200°C for 15 minutes to 

facilitate crystallization and composite 

formation. After autoclaving, the solution was 

allowed to cool to room temperature. The 

resulting precipitate was washed thoroughly 

with ethanol to remove any unreacted 

components or impurities. The cleaned 

precipitate was dried overnight to obtain the 

final calcium-magnesium-phosphate 

composite. The graphical abstract is 

represented in Fig.1. 

 

Figure 1. Each part shows a step leading to the formation of WH-CS Scaffold. 

Preparation of CH-WH Composite Scaffold 

To prepare the CH-WH composite scaffold, 

2 grams of chitosan were dissolved in 100 mL 

of 0.1 M acetic acid solution. The solution was 

stirred continuously for 2 hours at room 

temperature to ensure complete dissolution. 

Once ready, the WH powder was added to the 

chitosan solution at concentrations of 0.1%, 

0.2%, and 0.3%. The mixture was stirred for 

an additional 2 hours to achieve uniform 

dispersion of the WH powder. 

The resulting mixture was then frozen at -

20°C overnight and lyophilized to produce a 

dry, porous scaffold. 

Neutralization of the Scaffold 

To neutralize the scaffold and promote cross-

linking of the chitosan, the CH-WH scaffold 



was immersed in a 0.5 M NaOH solution 

prepared with 70% ethanol for 1 hour. 

Afterward, the scaffold was placed on filter 

paper to drain excess liquid. It was then 

thoroughly rinsed with distilled water to 

remove any residual NaOH and ethanol. The 

scaffold's pH was checked, and additional 

rinsing with distilled water was performed if 

necessary to achieve a pH between 7 and 8. 

Finally, the scaffold was frozen at -20°C 

overnight and lyophilized to obtain the CH-

WH composite scaffold. 

Characterization and Biocompatibility 

Assessment of the Scaffold 

To examine its surface structure, we used 

Scanning Electron Microscopy (SEM) and 

energy-dispersive X-ray Spectroscopy (EDS). 

X-ray Diffraction (XRD) helped us study its 

crystalline structure, while Fourier Transform 

Infrared (FTIR) spectroscopy was used to 

identify key functional groups. To ensure its 

biocompatibility, we performed an MTT assay 

with MG-63 cells following the ISO 10993-

6:2016 to check for any cytotoxic effects. 

After 24 hours of incubation for cell 

attachment, the medium was replaced with 

treatment medium containing 25, 50,75 and 

100% of the material. The cells were further 

incubated for another 24 hours to assess 

cytotoxicity. 

Results 

XRD Analysis 

The X-ray diffraction (XRD) pattern of the 

chitosan (Ch) sample (black line) exhibits 

broad peaks(fig 2(A)), suggesting an 

amorphous or less crystalline structure. In 

contrast, the Whitlockite (Wh) sample (red 

line) displays sharp and intense peaks, 

confirming a highly crystalline structure. For 

the composite samples of 1%, 2%, and 3% 

Wh-Ch (green, blue, and cyan lines), the 

diffraction patterns exhibit a gradual shift in 

peak intensity and position, indicating a 

progressive reduction in crystallinity as the 

concentration of Wh increases. This shift 

signifies an interaction between Wh and Ch, 

resulting in modified crystallographic 

properties of the composite materials. 

FTIR Analysis 

Fourier-transform infrared (FTIR) spectra 

(Fig 2(B)), provide insights into the functional 

groups present in the materials. The Ch sample 

shows a broad absorption band between 3200-

3500 cm⁻¹, which can be attributed to O-H or 

N-H stretching vibrations. Peaks around 2900 

cm⁻¹ suggest C-H stretching, possibly from 

aliphatic chains. Additional peaks near 1600-

1650 cm⁻¹ correspond to C=O stretching, 

while N-H bending vibrations appear around 

1550 cm⁻¹. For the Wh sample (red line), 

strong peaks between 1000-1500 cm⁻¹ suggest 

the presence of C-O, C-N, or C-H bending 

vibrations. A broad peak around 3200-3500 

cm⁻¹ indicates the presence of hydroxyl or 

amine groups, while sharp peaks around 1700-

1750 cm⁻¹ suggest the presence of carboxyl 

groups. 1% Wh-Ch (green line), 2% Wh-Ch 

(blue line), and 3% Wh-Ch (cyan line): As the 

concentration of Wh increases (from 1% to 

3%), there are changes in peak intensity and 

shape, indicating interaction between Wh and 

Ch components. The combined spectra show 

shifts and changes in peaks around 3200-3500 

cm⁻¹ (O-H/N-H stretching) and in the 

fingerprint region (1000-1500 cm⁻¹), 

suggesting the formation of hydrogen bonds or 

other interactions. Changes in the intensity of 

peaks near 1600-1650 cm⁻¹ and 1700-1750 

cm⁻¹ could indicate changes in the carbonyl or 

amide groups due to interaction between Wh 

and Ch. 



 

 

Figure 2. (A) The X-ray diffractogram and (B) shows the FTIR spectra of the representative scaffolds. 

SEM Imaging 

Scanning electron microscopy (SEM) 

images (Fig 3) reveal a highly porous structure 

in the CH-WH scaffold, with interconnected 

pores of varying sizes. Larger voids are 

connected by smaller channels, contributing to 

a rough and irregular surface morphology. The 

fibrous and sheet-like structures seen in the 

SEM images suggest a well-integrated scaffold 

where chitosan and Whitlockite are 

homogeneously distributed. The absence of 

distinct phase separation supports the 

successful blending of the two materials. The 

observed morphological characteristics align 

with the scaffold's potential application in 

bone tissue engineering, providing a porous 

network that facilitates cell attachment and 

nutrient exchange. 

Figure 3. Scanning Electron Microscopic Images of the Whitlockite Incropporated Scaffoleds  A) 1% Wh- Ch 

B) 2% Wh- Ch C) 3% Wh- Ch. 



 

 

EDS Analysis 

Energy-dispersive X-ray spectroscopy 

(EDS) confirms the presence of key elements 

in the composite material. Carbon (C) and 

Nitrogen (N) correspond to the chitosan 

matrix, while Oxygen (O), Phosphorus (P), 

and Calcium (Ca) are indicative of the 

Whitlockite component. The detection of 

Magnesium (Mg) further confirms the 

chemical composition of Whitlockite, 

consistent with its known formula, 

Ca₉Mg(HPO₄)(PO₄)₆. The presence of these 

elements suggests that the CH-WH composite 

was synthesized as intended, incorporating 

both organic (Ch) and inorganic (Wh) phases. 

Biocompatibility: MTT Assay 

The MTT assay (Fig 4) was employed to 

evaluate the cytotoxicity and biocompatibility 

of the CH-WH scaffold on MG-63 cells. The 

control group exhibited optimal cell viability 

at a scaffold concentration of 1% Wg-Ch 

scaffold. Cell viability remained comparable 

to the control as the concentration increased to 

25% and 50%, indicating minimal cytotoxic 

effects at these concentrations. However, at 

75% and 100% scaffold concentrations, a 

noticeable reduction in cell viability was 

observed, suggesting a potential cytotoxic 

response at higher scaffold concentrations. 

The viability of cells was observed with 

scaffold concentrations of 2% Wg-Ch 

scaffold, where the 25% and 50% and 75% 

dilutions resulted in peak viability. 

Interestingly, at a scaffold concentration of 30 

mg/mL, the highest cell viability was recorded 

at the 75% concentration, with diminished 

viability at higher concentrations. These 

results suggest that the scaffold exhibits good 

biocompatibility, with an optimal 

concentration range of 25-50% for supporting 

cell proliferation in biomedical applications. 

 

Figure 4: Biocompatibility assessment of the fabricated scaffolds by indirect MTT Assay. A) 1% whitlockite 

concentration B) 2% whitlockite concentration C) 3% whitlockite concentration. MTT assay results compared 

the cytotoxicity of scaffolds with the control group, indicating the viability of cells treated with the Whitlockite-

Chitosan. Where the * indicates the significantly increased cellular viability of cells compared to the control and 

the # means the cellular viability is reduced significantly compared to the control. 

Discussion 

The biological characterization of the 

chitosan-Whitlockite scaffold highlights its 

significant potential for use in tissue 

engineering and regenerative medicine. The 

combination of Whitlockite (WH), a calcium 

phosphate mineral found naturally in bone, 

with chitosan (Ch), a biocompatible natural 

polymer, results in a scaffold that exhibits 

properties highly suited for promoting tissue 

regeneration and cellular proliferation. This 

scaffold not only supports the growth and 



repair of bone tissue but also integrates 

important mechanical and structural 

characteristics essential for effective bone 

regeneration. 

To validate the chitosan-Whitlockite 

scaffold as a suitable material for bone tissue 

engineering, comprehensive physical, 

chemical, and biological characterizations are 

crucial. These include detailed analyses of 

composition, surface chemistry, mechanical 

properties, structure, and morphology. The 

scaffold’s ability to support cell proliferation, 

differentiation, and overall bone repair directly 

correlates with these characteristics. Studies 

have consistently demonstrated the importance 

of these parameters in evaluating scaffolds for 

tissue engineering applications. 

Previous research has shown that WH-

based chitosan scaffolds outperform 

hydroxyapatite (HAP)-chitosan scaffolds in 

terms of biocompatibility and osteoinductive 

capacity. For instance, human mesenchymal 

stem cells (hMSCs) seeded onto WH/Ch 

scaffolds exhibited enhanced proliferation and 

differentiation into osteoblasts compared to 

HAP/Ch scaffolds [28]. This property is 

particularly important for applications such as 

calvarial bone repair, where tissue 

regeneration is critical for successful recovery. 

Furthermore, the porous structure of the 

WH/Ch scaffold improves its capacity for 

tissue integration, providing a favorable 

environment for cell infiltration and nutrient 

exchange. 

X-ray powder diffraction (XRD) analyzes 

the scaffold's crystalline structure and provides 

details on the whitlockite phase composition in 

the chitosan matrix. The crystalline nature and 

phase purity of whitlockite are confirmed by 

the presence of particular diffraction peaks 

[29]. The whitlockite chitosan scaffold at 3% 

Wh+Ch sample shows multiple peaks 

(28.0641°, 31.3816°, 34.7655°) that can be 

attributed to whitlockite. The 1% Wh+Ch 

sample also shows characteristic peaks of 

whitlockite (31.4817°, 46.6158°). However, 

the 2% Wh+Ch sample does not show distinct 

whitlockite peaks, indicating that the 

whitlockite content is not sufficient to form 

distinct crystalline phases observable in the 

XRD pattern. All samples show peaks around 

20°, which are characteristic of chitosan. The 

slight differences in peak positions (20.1965°, 

20.845°, 20.6648°) indicate variations in the 

lattice parameters of chitosan due to different 

concentrations of whitlockite. 

Fourier-transform infrared spectroscopy 

(FTIR) further confirmed the integration of 

WH into the chitosan matrix. Characteristic 

peaks for both chitosan and Whitlockite were 

identified, with shifts in peak intensity 

reflecting interactions between the two 

components. These shifts, particularly in the 

O-H and N-H stretching regions, suggest the 

formation of hydrogen bonds between chitosan 

and phosphate groups from Whitlockite. The 

preservation of amide, C-H, and P-O 

stretching bands confirms that the 

incorporation of Whitlockite did not disrupt 

the chemical structure of chitosan, supporting 

the successful formation of a stable composite 

scaffold. These changes reflect the interactions 

between chitosan and whitlockite, such as 

hydrogen bonding, and the incorporation of 

phosphate groups into the chitosan structure. 

The consistent presence of amide bands, C-H 

stretches, and P-O stretches confirms the 

successful integration of whitlockite into the 

chitosan matrix [30]. These results fall in 

accordance with the FTIR spectrum obtained 

by the Chitosan- whitlockite scaffold. The 

FTIR for Chitosan-whitlockite scaffold 

indicates that as the concentration of 

whitlockite increases in the chitosan matrix, 

the characteristic peaks of both materials are 

present, with slight shifts and changes in peak 

intensity. 

Scanning electron microscopy (SEM) 

provided detailed images of the scaffold's 

microstructure, revealing a highly porous 

network with interconnected pores of various 

sizes. This porous architecture is essential for 
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facilitating cell infiltration and ensuring 

adequate nutrient distribution. SEM images 

also demonstrated that the scaffold’s surface 

morphology, including its rough and fibrous 

structure, is conducive to cell attachment and 

proliferation. Energy-dispersive X-ray 

spectroscopy (EDS) analysis further confirmed 

the presence of essential elements such as 

calcium (Ca), phosphorus (P), and magnesium 

(Mg), which are crucial for bone 

mineralization and mechanical strength [31]. 

The scaffold’s biocompatibility was 

evaluated through MTT assays using human 

osteoblast cells. The results indicated that 

scaffold concentrations up to 50% did not 

exhibit cytotoxic effects, with optimal cell 

viability observed at lower concentrations 

(25%-50%). These findings are consistent with 

the general biocompatibility of chitosan and 

the osteoinductive properties of Whitlockite. 

Furthermore, the addition of magnesium in the 

Whitlockite structure enhances osteoblastic 

activity, promoting bone mineralization. 

According to estimated cell viability (which 

ranges from 85% to 130% of control), none of 

the investigated scaffolds emit harmful 

chemicals or have an adverse effect on cell 

activity [32]. The MTT assay was used in the 

study conducted by [33] to assess the 

bioactivity of WH particles treated with 

human osteoblastic cells. During every stage 

of cell growth, the cell densities in composite 

scaffolds were consistently higher (*p<0.05) 

than those in the control group. [34]. 

The incorporation of Whitlockite into the 

chitosan matrix not only enhances the 

scaffold’s mechanical strength but also 

contributes to the bioactive environment 

necessary for bone regeneration. The mineral 

content of Whitlockite, particularly calcium 

and phosphate, plays a pivotal role in 

promoting bone mineralization and osteoblast 

activation. Additionally, the magnesium 

component of Whitlockite contributes to the 

mechanical stability of newly formed bone 

tissue, further improving the scaffold’s 

suitability for bone regeneration applications. 

The scaffold is a safer alternative for clinical 

application because of its capacity to inhibit 

bacterial growth, which can help avoid 

infections and improve patient outcomes. 

The remarkable cell viability and 

proliferation rates we saw in our assays clearly 

demonstrated the scaffold's biocompatibility. 

This implies that the scaffold is a safe choice 

for medical applications because it does not 

react negatively with bone cells. Chitosan's 

acceptability for usage in the body is further 

supported by its natural origin and capacity to 

break down into non-toxic components. By 

boosting the expression of genes linked to 

calcium binding and mineralization, such as 

ALP, OPN, and OCN, CS encourages the 

growth of osteoblasts [35]. Nevertheless, the 

structure of the scaffold was essential in 

promoting the formation of bone cells. The 

chitosan-whitlockite scaffold's porosity 

structure enables cells to permeate and 

disperse throughout the substance. This is 

significant because it allows new bone tissue 

to grow inside the scaffold, improving 

integration with the surrounding bone. 

Whitlockite's presence provides vital minerals 

including calcium and phosphate, which are 

necessary for bone mineralization and 

strength. 

The chitosan-Whitlockite scaffold 

demonstrates significant potential for use in 

bone tissue engineering and regenerative 

medicine. Its ability to promote cell 

proliferation, support tissue regeneration, and 

offer structural stability makes it an attractive 

candidate for further research and clinical 

applications. Future studies should focus on 

optimizing the scaffold's properties, 

investigating its performance in various 

biological environments, and exploring its 

potential for broader medical applications. 

With continued research, this scaffold could 

become a valuable tool for treating bone 

defects and tissue loss in regenerative 

medicine. 
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Conclusion 

The biological assessment of the chitosan-

Whitlockite (WH) scaffold reveals its 

substantial potential in tissue engineering and 

regenerative medicine. The scaffold's ability to 

support cell adhesion, proliferation, and 

differentiation makes it a promising material 

for enhancing tissue growth. Its porous 

structure facilitates essential cell infiltration 

and nutrient diffusion, which are critical for 

tissue regeneration. Chitosan’s surface 

properties further promote cell adhesion, while 

Whitlockite contributes essential ions, such as 

calcium and phosphate, crucial for bone cell 

mineralization and function. 

In particular, the scaffold's capacity to 

foster bone mineralization is of significant 

value to bone tissue engineering. Magnesium 

ions in Whitlockite play a pivotal role in 

promoting bone development and enhancing 

the mechanical strength of the regenerating 

tissue. The scaffold effectively stimulates 

osteoblast activity, leading to the deposition of 

bone-like minerals, which support tissue 

regeneration. Additionally, chitosan's inherent 

antibacterial properties reduce the risk of 

infection, which is vital for applications in 

implants and wound healing. Its biodegradable 

nature ensures that it naturally degrades into 

non-toxic byproducts, eliminating the need for 

surgical removal and allowing for seamless 

integration within the body. 

Overall, the chitosan-Whitlockite scaffold 

demonstrates a range of favorable biological 

properties, including bioactivity, 

biocompatibility, and the ability to support 

cellular functions essential for tissue 

regeneration. These findings suggest that the 

scaffold holds significant promise for 

applications such as bone grafting, wound 

healing, and broader tissue engineering efforts. 

Further studies are warranted to optimize its 

properties and expand its potential use in 

various clinical contexts. 
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