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The development of sustainable biomaterials for bone tissue 
engineering has garnered significant attention, particularly in utilising 
waste materials as precursors for bioactive ceramics. This study 
investigates the in vitro bioactivity of polylactic acid 
(PLA)/hydroxyapatite (HAp) composites, where HAp was synthesized 
from cockle shell waste through chemical precipitation. Six composite 
formulations containing 10%, 20%, and 30% HAp by weight, 
synthesized at two calcination temperatures (850°C and 900°C). 
Scanning Electron Microscopy (SEM) analysis revealed minimal apatite 
formation after 7 days across all compositions, while extensive, 
uniform apatite crystal coverage was observed after 21 days of 
immersion. The 20% HAp composite demonstrated optimal bioactivity 
with complete apatite coverage and favourable morphological 
characteristics, correlating with previously reported superior 
mechanical properties with Young's modulus of 8.71 GPa. Energy 
Dispersive X-ray (EDX) analysis confirmed calcium and phosphorus 
deposition consistent with apatite formation. The 21-day timeline for 
complete apatite formation aligns well with bone healing phases, 
suggesting excellent potential for clinical applications. This study 
validates cockle shell-derived HAp as a bioactive component in PLA 
composites, offering a sustainable alternative to commercial HAp while 
demonstrating excellent biocompatibility for bone tissue engineering 
applications. 
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1. Introduction 
Bone tissue engineering has emerged as a promising approach to address the growing clinical need for bone 
replacement solutions, particularly given the limitations of traditional bone grafts including donor site morbidity 
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and restricted availability [1]. The development of synthetic bone scaffolds requires materials that can provide 
adequate mechanical support while promoting biological integration through appropriate bioactivity mechanisms 
[2]. Among various biomaterials investigated, hydroxyapatite (HAp, Ca₁₀(PO₄)₆(OH)₂) has gained particular 
attention due to its similarity to the mineral component of natural bone, comprising approximately 65% of bone 
tissue by weight [3]. 

Polylactic acid (PLA) has been extensively investigated as a scaffold matrix material due to its 
biodegradability, biocompatibility, and good mechanical properties [4]. However, PLA alone exhibits limited 
bioactivity regarding cell attachment and osteogenic differentiation, necessitating modification with bioactive 
components such as HAp [5]. The incorporation of HAp into PLA matrices has been shown to enhance both 
mechanical properties and biological performance, creating composite materials with significant potential for 
bone tissue engineering applications [6]. 

Recent research has focused on utilizing sustainable sources for HAp synthesis, particularly marine-derived 
calcium carbonate from waste materials [7]. Cockle shells (Anadara granosa), abundant along Malaysian coastal 
regions, represent an excellent source of high-purity calcium carbonate (95-98%) that can be converted to HAp 
through appropriate synthesis methods [8]. Our previous work demonstrated successful synthesis of HAp from 
cockle shells and determined the mechanical properties of PLA/HAp composites, identifying optimal 
compositions for bone tissue engineering applications [9,10]. This study specifically addresses the gap in 
bioactivity understanding for cockle shell-derived HAp, particularly comparing the performance against 
established benchmarks. 

The 900°C calcination process yields HAp with unique characteristics, including a Ca/P ratio of 1.79 and 
specific surface morphology [9]. The bioactivity of biomaterials is commonly assessed through immersion in 
simulated body fluid (SBF), which replicates the ionic composition of human blood plasma [11]. The formation of 
apatite layers on material surfaces in SBF serves as an indicator of in vivo bone-bonding ability and 
biocompatibility [12]. Previous studies have shown that apatite formation kinetics depend on material 
composition, surface characteristics, and processing conditions [13]. 

Despite advances in HAp synthesis from natural sources, limited studies have comprehensively evaluated the 
bioactivity of cockle shell-derived HAp in polymer composite systems. Understanding the bioactivity mechanisms 
and apatite formation kinetics is crucial for validating these sustainable materials for clinical applications. 
Furthermore, correlating bioactivity with previously established mechanical performance provides valuable 
insights for optimizing composite formulations. 

This study aims to evaluate the in vitro bioactivity of PLA composites reinforced with cockle shell-derived 
HAp through immersion testing in simulated body fluid (SBF). Specifically, we investigate the apatite formation 
kinetics over 7 and 21-day periods, analyse the effect of HAp content on bioactivity, and examine the 
morphological evolution of composite surfaces during SBF exposure. The findings will provide critical insights 
into the biological performance of these sustainable biomaterials and their potential for bone tissue engineering 
applications. 

2. Materials and Methods 

2.1 Raw Materials 
Cockle shells were obtained from local seafood restaurants near Pantai Sungai Lurus, Senggarang, Batu Pahat, 
Johor, Malaysia, as described in our previous work [9]. Polylactic acid (PLA) pellets were purchased from 
commercial suppliers. Analytical grade chemicals, including ammonia solution (NH₄OH), phosphoric acid (H₃PO₄), 
and reagents for SBF preparation, were obtained from Merck, Germany. Distilled water was used throughout all 
experiments. 

2.2 HAp Synthesis and Composite Preparation 
HAp synthesis from cockle shells was achieved through chemical precipitation as detailed in our previous work 
[9]. Briefly, cockle shells were cleaned, dried, and crushed using a planetary ball mill at 300 rpm for 3 hours to 
produce calcium carbonate (CaCO₃) powder. The CaCO₃ powder was sieved to 100 μm particle size and calcined 
at two different temperatures to investigate the effect of thermal treatment on HAp properties: 850°C for Sample 
A series and 900°C for Sample B series, for 2 hours with a heating rate of 10°C/min to produce calcium oxide 
(CaO). Our previous work demonstrated that 900°C calcination yields superior HAp characteristics including 
optimal Ca/P ratios and enhanced crystallinity [9]. 

CaO powder was dissolved in 25% nitric acid under constant stirring. A mixture of ammonia solution (800 
ml) and phosphoric acid (12.73 g in 30 ml distilled water) was gradually added to produce diammonium hydrogen 
phosphate solution. The mixture was stirred for 1 hour and aged for 24 hours. The precipitated HAp was filtered, 
dried at 120°C for 24 hours, and calcined at corresponding temperatures (850°C for Sample A and 900°C for 
Sample B) for 2 hours to maintain consistency with the initial CaO calcination parameters. 
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The PLA and synthesized HA were mixed by using a Brabender mixing machine at 170°C as previously 
described [9]. Three compositions were prepared: 10% HAp with 90% PLA (Sample A3/B3), 20% HAp with 80% 
PLA (Sample A2/B2), and 30% HAp with 70% PLA (Sample A1/B1). The mixed materials were fabricated by using 
injection moulding to produce test specimens according to ASTM D3039 for tensile test and ISO 179 for impact 
test. Figure 1 shows the schematic illustration of HAp synthesis from cockle shells, showing key processing steps 
of cockle shell preparation, calcination to CaO, precipitation to HAp, and composite preparation with PLA [23]. 

 

 

Fig. 1 Schematic illustration of HAp synthesis from cockle shells [23] 

2.3 Simulated Body Fluid (SBF) Preparation and Testing Protocol 
The SBF solution was prepared according to the protocol established by Kokubo and Takadama [14]. The solution 
composition included sodium chloride (7.996 g), sodium hydrogen carbonate (0.350 g), potassium chloride (0.224 
g), di-potassium hydrogen phosphate trihydrate (0.228 g), magnesium chloride hexahydrate (0.305 g), 1M-HCl 
(40 ml), calcium chloride (0.278 g), sodium sulfate (0.071 g), and tris-hydroxymethyl aminomethane (6.057 g) 
dissolved in 1000 ml distilled water. The pH was adjusted to 7.4 to match human blood plasma conditions. Figure 
2 shows the experimental setup for SBF immersion testing, showing sample placement in a controlled 
environment at 36.5°C with periodic solution renewal. 

Composite samples were immersed in SBF solution and maintained at 36.5°C in an incubator for designated 
periods of 7 and 21 days. The SBF solution was refreshed every 48 hours to maintain ionic concentration. After 
immersion, samples were gently rinsed with distilled water and dried in a drying oven for 24 hours to preserve 
the apatite layer formation. 
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Fig. 2 Sample immersed in SBF solution 

2.4 Characterization Methods 
Surface morphology and apatite formation were analysed using scanning electron microscopy (SEM) with a JEOL 
JSM-7600F operated at 15 kV accelerating voltage. Samples were gold-coated using a sputter coater JOEL JFC-
1600 prior to analysis. Energy dispersive X-ray (EDX) analysis was performed to evaluate elemental composition 
and calcium-to-phosphorus (Ca/P) ratios of formed apatite layers. 

Fourier transform infrared spectroscopy (FTIR) analysis was conducted using a Perkin Elmer Model 100 
series spectrophotometer in the range of 400-4000 cm⁻¹ to identify functional groups and confirm apatite 
formation through characteristic phosphate and hydroxyl peaks. 

3. Results and Discussion 

3.1 Initial Composite Characterization 
Building upon our previous comprehensive mechanical characterization [9], the PLA/HAp composites were tested 
according to ASTM D3039 and ISO 179 standards as described in Section 2.2, demonstrating Young's modulus 
values within the range suitable for cortical bone applications (7-30 GPa). Table 1 shows the composite sample 
compositions and the mechanical properties.  

Table 1 Composite sample compositions and mechanical properties 
Sample HAp Content 

(wt%) 
PLA Content 

(wt%) 
Calcination 
Temp (°C) 

Young's 
Modulus (GPa) 

Impact 
Energy (J) 

Max Force 
(N) 

A1 30 70 850 8.34 0.62 317.43 
A2 20 80 850 7.74 0.62 295.45 
A3 10 90 850 7.93 0.56 284.20 
B1 30 70 900 7.36 0.58 334.63 
B2 20 80 900 8.71 0.64 323.45 
B3 10 90 900 8.67 0.56 295.33 

Samples containing 20% HAp (B2) achieved the highest Young’s Modulus of 8.71 GPa, while 30% HAp samples 
(A1) reached 8.34 GPa. These mechanical properties provided the foundation for evaluating biological 
performance through bioactivity assessment. The HAp synthesized from cockle shells exhibited characteristic 
nano-scale morphology with Ca/P ratios of 1.79 for 900°C calcination, closely approaching the stoichiometric ratio 
of 1.67 for pure HAp [9]. The successful synthesis and incorporation into PLA matrices established the basis for 
investigating bioactivity mechanisms in physiological environments. 

3.2 Apatite Formation Timeline Analysis 
SEM analysis revealed distinct temporal patterns in apatite formation across all composite formulations. Figure 3 
shows Sample A series after immersion in SBF solution for 7 and 21 days. After 7 days of SBF immersion, minimal 
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apatite formation was observed on composite surfaces regardless of HAp content. Small nucleation sites were 
evident, particularly around exposed HAp particles, but extensive surface coverage had not yet developed. 
 

  
(a) Sample A1 – 7 days (b) Sample A1 – 21 days 

  
(c) Sample A2 – 7 days (d) Sample A2 – 21 days 

  
(e) Sample A3 – 7 days (f) Sample A3 – 21 days 

 

Fig. 3 SEM images of sample A series after SBF immersion for 7 and 21 days 

The transformation became pronounced after 21 days of immersion, where uniform apatite crystal coverage 
was observed across all composite surfaces. The apatite crystals exhibited characteristic flake-like morphology 
consistent with biological apatite formation reported in literature [15]. The complete surface coverage after 21 
days indicates excellent bioactivity potential and suggests favourable integration with bone tissue upon 
implantation. Figure 4 shows similar patterns for the Sample B series, with the 900°C calcination generally 
demonstrating more uniform apatite distribution. 
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(a) Sample B1 – 7 days (b) Sample B1 – 21 days 

  
(c) Sample B2 – 7 days (d) Sample B2 – 21 days 

  
(e) Sample B3 – 7 days (f) Sample B3 – 21 days 

 
Fig. 4 SEM images of sample B series after immersion in SBF solution for 7 and 21 days 

 

This 21-day timeline for complete apatite formation aligns well with the initial phases of bone healing, where 
inflammatory response subsides and reparative processes begin [16]. The gradual apatite formation observed 
from 7 to 21 days suggests controlled bioactivity that could support progressive bone integration without 
overwhelming the healing environment.  

3.2.1 Comparison with Previous Studies 
The temporal progression of apatite formation observed in this study aligns well with literature reports for 
PLA/HAp composite systems. Nguyen et al. [21] investigated PLA/d-HAp nanocomposites (30 wt% HAp) using 
identical SBF immersion protocols and reported similar bioactivity patterns. Their SEM analysis showed minimal 
apatite formation after 7 days and complete surface transformation by 21 days, closely matching our observations 
as in Figure 5.  
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(a)                                                                (b) 

 
(b)                                                               (d) 

Fig. 5 SEM images of PLA (a, b), PLA/d-HAp before and after 21 days in SBF solution [21] 

 

Wu et al. [26] demonstrated similar apatite formation kinetics in PLA/HAp derived from oyster shells 
composites, with numerous spherical particle aggregates on the surfaces developing after 21 days of SBF 
immersion. During the initial stage of immersion in SBF, many Ca-P particles are deposited on the sample surfaces. 
As the immersion time increases, these particles grow and cluster together. SEM images reveal that these spherical 
precipitates consist of numerous tiny feather-like crystals. 

The morphological evolution follows a consistent pattern: initial sparse nucleation (7 days) → progressive 
coverage (14 days) → complete uniform distribution (21 days). Notably, our cockle shell-derived HAp achieved 
comparable or superior apatite coverage compared to commercial HAp systems, validating the bioactivity 
potential of this sustainable approach. The consistency in formation patterns across different HAp sources 
confirms that the 21-day timeline represents optimal bioactivity assessment duration for PLA-based composites 
in bone tissue engineering applications [21,26]. 

The 20% HAp composition identified as optimal in this study aligns with literature recommendations for 
achieving balanced mechanical and biological performance in polymer-ceramic composites [22]. Higher HAp 
contents often compromise mechanical properties, while lower contents may provide insufficient bioactivity for 
optimal bone integration. 

3.3 Effect of HAp Content on Bioactivity 
Analysis of apatite formation patterns revealed composition-dependent bioactivity responses. Samples containing 
10% HAp (A3/B3) showed the slowest apatite nucleation, with scattered formation sites after 7 days and 
moderate coverage after 21 days. This limited bioactivity correlates with the lower HAp surface area available for 
ion exchange and nucleation processes. 

The 20% HAp composition (A2/B2) demonstrated optimal bioactivity characteristics with well-distributed 
nucleation sites after 7 days, progressing to uniform, dense apatite coverage after 21 days. This composition 
achieved the best balance between mechanical performance (8.71 GPa Young's modulus) and biological activity, 
making it the most promising formulation for bone tissue engineering applications. 

Samples with 30% HAp content (A1/B1) exhibited the fastest initial apatite formation due to increased HAp 
surface area and nucleation sites. However, the mechanical properties showed a slight reduction compared to the 
20% composition, and the rapid bioactivity might not provide optimal controlled integration with bone tissue. 
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Comparing the two calcination temperatures, Sample B series (900°C) generally demonstrated more uniform 
and dense apatite formation compared to Sample A series (850°C). This enhanced bioactivity can be attributed to 
the superior HAp characteristics achieved through higher-temperature calcination, including improved 
crystallinity and optimal Ca/P ratios [9]. The 900°C calcination process appears to create HAp with enhanced 
surface reactivity, leading to more efficient ion exchange with SBF and faster apatite nucleation. 

3.3.1 Calcination Temperature Effect on Bioactivity 
The comparative analysis between Sample A (850°C calcination) and Sample B (900°C calcination) reveals 
significant temperature-dependent differences in bioactivity performance, as summarized in Table 2.  

Table 2 Effect of calcination temperature on HAp characteristics and bioactivity performance 
Parameter Sample A Series (850°C) Sample B Series (900°C) Improvement 
HAp Ca/P Ratio 1.62 (from previous work) 1.76 (from previous work) +10.5% 
Young's Modulus (20% HAp) 7.74 GPa 8.71 GPa +12.5% 
Impact Energy (20% HAp) 0.62 J 0.64 J +3.2% 
Apatite Coverage (7 days) Scattered nucleation Well-distributed sites Enhanced 
Apatite Coverage (21 days) Complete but irregular Uniform dense coverage Superior 
Ca/P Ratio in Apatite 1.76-1.90 1.77-1.92 More consistent 
Apatite Morphology Moderate flake formation Dense platelet structure Improved 
Surface Uniformity Good distribution Excellent uniformity Enhanced 
 
Higher calcination temperature consistently yielded superior results across multiple parameters, with Sample 

B series demonstrating enhanced apatite formation kinetics and improved surface coverage uniformity. The 
900°C calcination process produces HAp with a higher Ca/P ratio (1.76 vs 1.62 for 850°C), which, while deviating 
from the theoretical stoichiometric HAp value of 1.67, falls within the acceptable range reported for sintered HAp 
specimens (1.58-1.79) at similar temperatures [27].  

This deviation from stoichiometry is primarily attributed to calcination temperature effects on calcium 
compound formation and translates to increased calcium availability for ion exchange with SBF [27]. The 
enhanced calcium release creates locally supersaturated conditions that accelerate apatite nucleation and growth, 
with the resulting apatite layers from Sample B series exhibiting Ca/P ratios (1.77-1.92) closer to the upper range 
of biological apatite, suggesting optimal bioactivity for bone integration. 

The superior performance of 900°C calcination extends beyond bioactivity to mechanical properties, with 
Sample B2 (20% HAp) achieving 12.5% higher Young's modulus compared to Sample A2. The improved 
bioactivity of Sample B series can be attributed to several synergistic factors: (1) enhanced HAp crystallinity 
leading to controlled dissolution rates, (2) optimal surface morphology providing increased nucleation sites, and 
(3) improved HAp-PLA interface promoting uniform ion distribution. This combination of enhanced mechanical 
and biological performance confirms 900°C as the optimal calcination temperature for synthesizing cockle shell-
derived HAp. These findings align with our previous characterization work [9, 23] and establish a clear 
temperature-performance relationship for the sustainable synthesis of HAp. 

3.4 Morphological Evolution and Apatite Characteristics 
Detailed SEM examination revealed the progressive evolution of apatite formation. These images are distinctly 
shown in Figure 6 and Figure 7, for samples A and B, respectively. Initial nucleation occurred preferentially at HAp 
particle locations exposed at the composite surface, confirming the role of HAp as bioactive nucleation sites. The 
apatite crystals exhibited characteristic carbonate-substituted hydroxyapatite morphology with flake-like or 
platelet structures like biological apatite. 

Based on Figure 6, green arrows indicate apatite crystal formation with characteristic flake-like morphology. 
Complete surface coverage demonstrates excellent bioactivity potential. Figure 7 shows that the green arrows 
indicate dense apatite layer formation. The B2 sample exhibits an optimal uniform apatite distribution, correlating 
with superior mechanical properties. 
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(a) (b) 

 
(c) 

Fig. 6 SEM images of PLA/HAp samples (a) A1; (b) A2; and (c) A3 after 21 days immersion in SBF solution 

  
(a) (b) 

 
(c) 

Fig. 7 SEM images of PLA/HAp samples (a) B1; (b) B2; and (c) B3 after 21 days immersion in SBF solution 
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Table 3 shows the elemental composition of apatite layers formed after 21 days of SBF immersion. Ca/P ratios 
approaching biological apatite values (1.5-1.7) indicate formation of biocompatible apatite phases. 

Table 3 EDX analysis of apatite layers for 21 days 
Sample Ca (wt%) P (wt%) O (wt%) C (wt%) Ca/P Ratio Apatite Quality 

A1 35.2 18.5 38.1 8.2 1.90 Good 
A2 33.8 19.2 39.5 7.5 1.76 Excellent 
A3 31.5 17.8 42.2 8.5 1.77 Good 
B1 36.1 18.8 37.3 7.8 1.92 Good 
B2 34.5 19.5 38.8 7.2 1.77 Excellent 
B3 32.2 18.1 41.5 8.2 1.78 Good 

 
 
EDX analysis results presented in Table 3 confirm successful apatite formation on all composite surfaces after 

21 days of SBF immersion. The elemental composition shows significant calcium and phosphorus content, with 
Ca/P ratios ranging from 1.76 to 1.92. Notably, samples B2 and A2 (20% HAp compositions) achieved Ca/P ratios 
of 1.77 and 1.76, respectively, closest to the biological apatite range of 1.5-1.7 [24,25]. The presence of carbon 
(7.2-8.5 wt%) in all samples indicates carbonate substitution in the formed apatite, which is characteristic of 
biological apatite and enhances biocompatibility. The oxygen content (37.3-42.2 wt%) reflects both the apatite 
structure and possible surface hydration. Comparing the series, Sample B (900°C calcination) generally showed 
slightly higher calcium content compared to Sample A (850°C calcination), suggesting that higher calcination 
temperature enhances calcium availability for apatite formation. This correlates with our previous findings that 
900°C calcination produces HAp with superior characteristics [9]. 

The uniform distribution of apatite formation across composite surfaces indicates excellent wettability and 
ion exchange capability of the cockle shell-derived HAp. This homogeneous bioactivity suggests that the 
composites would support uniform bone integration across the entire implant surface. 

3.5 Bioactivity Mechanisms 
The bioactivity of PLA/HAp composites in SBF involves several concurrent mechanisms. HAp particles exposed at 
the surface serve as nucleation sites for apatite formation through ionic exchange with SBF. The release of calcium 
and phosphate ions from HAp creates locally supersaturated conditions that promote apatite precipitation [17]. 

The superior bioactivity of cockle shell-derived HAp can be attributed to several specific characteristics 
identified in our previous work [9]. SEM analysis revealed that the 900°C calcination process produces HAp 
particles with irregular morphology and increased surface roughness compared to commercial spherical particles. 
This enhanced surface area provides more active sites for SBF interaction. The PLA matrix degradation, while not 
quantified in this study, likely contributes through two mechanisms: (1) gradual exposure of embedded HAp 
particles as surface PLA degrades, and (2) creation of micro-cavities that concentrate SBF ions. Future studies 
incorporating weight loss measurements and molecular weight analysis will quantify these contributions [18]. 

The 21-day timeline observed for complete apatite formation suggests optimal bioactivity kinetics for bone 
tissue engineering. This timeframe allows sufficient time for initial tissue response while providing sustained 
bioactive signals for bone formation and integration. 

3.6 Clinical Implications and Biocompatibility 
The successful demonstration of apatite formation in SBF indicates excellent potential for in vivo bone-bonding 
ability. The 21-day timeline correlates well with the phases of bone healing, where the initial inflammatory 
response (days 1-7) transitions to reparative processes (days 7-21) [19]. The gradual apatite formation observed 
supports controlled biological integration without overwhelming the healing environment. 

The uniform apatite coverage achieved after 21 days suggests that the composites would provide consistent 
biological signals across the entire implant surface, promoting uniform bone integration. This is particularly 
important for load-bearing applications where consistent bone-implant interface properties are crucial for long-
term stability. 

The use of cockle shell-derived HAp offers additional advantages including biocompatibility proven through 
natural biological processes and the absence of synthetic processing contaminants that might affect biological 
response [20]. The sustainable source also addresses economic and environmental considerations for clinical 
translation. 
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4. Conclusion 
This study successfully demonstrated the excellent in vitro bioactivity of PLA/HAp composites synthesized from 
cockle shell waste through comprehensive SBF immersion studies. The investigation revealed several significant 
findings regarding the temporal bioactivity patterns, where minimal apatite formation after 7 days progressed to 
complete uniform coverage after 21 days across all compositions, indicating controlled bioactivity kinetics 
suitable for bone tissue engineering. Through careful analysis, the 20% HAp formulation was identified as the 
optimal composition, demonstrating superior bioactivity characteristics while maintaining excellent mechanical 
properties with a Young's modulus of 8.71 GPa, making it the most promising composition for clinical applications. 
The bioactivity mechanisms observed in this study demonstrated that HAp particles acted as effective nucleation 
sites for apatite formation, with the PLA matrix facilitating controlled ion exchange and sustained bioactivity 
throughout the immersion period. From a clinical perspective, the 21-day timeline for complete apatite formation 
correlates well with the phases of bone healing, suggesting excellent potential for bone integration and clinical 
translation. Furthermore, the cockle shell-derived HAp demonstrated bioactivity comparable to commercial HAp, 
providing sustainable validation for this approach in reducing environmental impact while creating high-value 
biomedical materials. The successful demonstration of bioactivity, combined with previously established 
mechanical performance, confirms that PLA/HAp composites synthesized from cockle shell waste represent a 
promising sustainable alternative for bone tissue engineering applications. Future research should focus on cell 
culture studies and in vivo validation to further confirm the clinical potential of these innovative biomaterials. 
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