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Abstract. This research explores the use of biogenic hydroxyapatite (HAp) derived from fish scales (FsHAp) as 

an eco-friendly filler in poly(lactic acid) (PLA) composites intended for biomedical purposes. Although PLA/HAp 

composites have been extensively studied, the utilization of fish-scale-derived HAp remains relatively 

underreported. In this study, FsHAp particles (~10 µm) obtained from tilapia scales were incorporated into a PLA 

matrix at concentrations of 10 to 30 wt% through twin-screw extrusion. The resulting composites were 

characterized in terms of their mechanical, thermal, morphological, and chemical properties. Mechanical 

performance was examined using tensile, flexural, and impact (Izod) testing. Thermal transitions and molecular 

interactions were evaluated using differential scanning calorimetry (DSC) and Fourier transform infrared (FTIR) 

spectroscopy, respectively, while scanning electron microscopy (SEM) provided insights into the microstructural 

features. Findings revealed that higher FsHAp loading reduced tensile strength, flexural strength, and elongation 

at break, but enhanced Young’s modulus, flexural modulus, and impact resistance. Both FTIR and DSC confirmed 

interactions between PLA and FsHAp, while SEM showed a homogeneous distribution of particles. Among the 

formulations, PLA containing 20 wt% FsHAp displayed the most promising properties for biomedical 

applications, particularly bone tissue engineering. Importantly, all raw materials employed in this work were 

sourced from renewable origins. 
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1. INTRODUCTION  

 

The growing concern over the environmental impact of conventional petroleum-based polymers has accelerated 

efforts to identify sustainable alternatives, particularly for biomedical applications. Biodegradable polymers 

sourced from renewable feedstocks present a promising solution, as they can reduce fossil fuel dependency and 

lower greenhouse gas emissions. Among them, poly (lactic acid) (PLA)—produced from natural resources such 

as corn, starch, and sugarcane [1]—is one of the most extensively investigated. Owing to its biodegradability and 

biocompatibility, PLA has emerged as a practical substitute for traditional plastics. Its use in medicine has 

broadened considerably, especially in tissue engineering scaffolds and orthopaedic applications [2]. PLA-based 

implants, such as fixation plates and screws, have shown successful outcomes in managing jaw fractures without 

requiring additional reinforcement [3]. Nevertheless, the inherent brittleness of PLA limits its broader clinical 

utility [4]. Moreover, the polymer’s relatively poor surface properties, including restricted cell adhesion and 

proliferation, further hinder its use in regenerative therapies. To address these challenges, researchers have 

incorporated reinforcing fillers and bioactive materials into PLA matrices to enhance performance [5]. 

The use of bioceramic fillers—including alumina, zirconia, bioactive glass, glass ceramics, and hydroxyapatite 

(HAp)—is well established in biomedical device design due to their excellent mechanical strength and 

biocompatibility [6]. Hydroxyapatite (Ca₁₀(PO₄)₆(OH)₂), the principal calcium phosphate mineral in bone, closely 

resembles natural hard tissues, making it an attractive choice for bone-interfacing materials and implant coatings 
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[4]. Mimicking the mechanical behaviour of natural bone is critical for load-bearing applications, and thus HAp 

is widely employed as a reinforcement phase [7]. Combining HAp ceramics with PLA matrices enables the 

development of composites that merge toughness with bioactivity, offering significant potential as bone 

substitutes [8]. 

Synthetic hydroxyapatite has been extensively applied in biomaterial research owing to its osteoconductivity, 

bioactivity, and strong biocompatibility [9]. However, chemical synthesis routes are costly, largely due to the use 

of high-purity precursors [10]. To reduce production costs, natural sources of HAp—such as mammalian bone—

have been explored, but their use raises ethical and biosafety concerns. These include the risk of transmitting 

diseases like bovine spongiform encephalopathy (BSE) and complications with HALAL certification, which is 

highly relevant to the global Muslim community [11]. As a result, fish scale-derived hydroxyapatite (FsHAp) has 

emerged as a safer and more acceptable alternative. It is economically viable, free from mammalian origin, and 

aligns with both health and religious considerations, enhancing its appeal as a biomaterial [12–13]. 

Despite these advantages, research on incorporating FsHAp into polymeric composites for biomedical use remains 

limited. Thus, this study focuses on developing PLA/FsHAp composites and examining their mechanical, 

chemical, thermal, and microstructural characteristics. The findings highlight the potential of these composites, 

particularly in bone-related applications, as sustainable and biocompatible materials for medical use. 

 

2. MATERIALS AND METHODS 

 

2.1. Materials 

PLA (Luminy® LX575) was procured from Total Corbion, Thailand, while fish scale-derived hydroxyapatite 

(FsHAp) was extracted from Tilapia fish scales, then processed into powder form through ball milling and spray 

drying. The mixing composition of PLA and FsHAp particles is presented in Table 1. 

 
Table 1. Composition and designation of PLA/FsHAp composites 

Sample Code PLA (wt%) FsHAp (wt%) 

PLA 100 0 

PLA/FsHAp10 90 10 

PLA/FsHAp20 80 20 

PLA/FsHAp30 70 30 

 

A co-rotating twin-screw extruder (Micromag) was employed to compound PLA and FsHAp particles following 

a pre-mixing process. The composite material was extruded through a four-hole die using the twin-screw machine, 

operating across ten heating zones set to the following temperatures (from feeder to die): 190, 190, 190, 200, 200, 

200, 200, 200, 190, and 180 °C. The extrudate was conveyed along a cooling belt to form continuous composite 

rods. After extrusion, the PLA/FsHAp composite rods were pelletized at a constant speed of 32 rpm. The resulting 

pellets were stored in an airtight, dry container at room temperature to prevent moisture absorption prior to hot 

pressing. Compression molding was then performed using a Technovation hot press machine to produce 

composite sheets. The PLA/FsHAp pellets were placed into a square mold with a thickness of 3 mm. The mold 

was pre-heated for approximately 12 minutes at 195 °C, followed by full compression under a pressure of 45 MPa 

for 10 minutes. The resulting composite sheets were cut into test specimens according to relevant ASTM 

standards. The detailed steps of the sample preparation process are illustrated in Figure 1. 

 

 
Fig. 1. Process steps in the production of PLA/FsHAp composites: (a) and (b) pre-mixing of PLA and FsHAp powders, 

(c) compounding and extrusion of PLA/FsHAp particles, (d) compression molding of PLA/FsHAp granules, and (e) 

preparation of PLA/FsHAp test specimens. 

 

2.2. Tensile Test 

Tensile tests were performed according to ASTM D638-14 using an Instron 3365 UTM with a 5 kN load cell at a 

crosshead speed of 50 mm/min. Sample dimensions were measured with a Mitutoyo caliper, and a 33 mm gauge 
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length was marked. Five specimens per formulation were tested at room temperature, with average values reported 

from three valid results. 

 

2.3. Flexural test  

Flexural tests were carried out following ASTM D790-17 using an Instron 3366 UTM with a 5 kN load cell and 

three-point bending fixture. Tests were performed at a crosshead speed of 12 mm/min with a 50 mm support span. 

Specimen dimensions were measured with a Mitutoyo caliper. Five samples per formulation were tested, and 

average values were reported. 

 

2.4. Impact Test 

Izod impact tests were performed according to ASTM D256-10 using a Ray-Ran impact tester at 3.46 m/s with 

2.75 J impact energy. Specimen thickness and V-notch depth were measured with a Mitutoyo caliper. Five 

samples per formulation were tested, and average impact strength was reported. 

 

2.5. Differential Scanning Calorimetry (DSC) 

Thermal behavior of PLA and PLA/FsHAp composites was analyzed using differential scanning calorimetry 

(Thermo Scientific DSC). About 7 mg of each sample was sealed in a pressure-tight pan and heated from 30 °C 

to 250 °C at 10 °C/min under nitrogen. Glass transition (Tg), melting (Tm), and crystallization (Tc) temperatures 

were determined from the thermograms. 

 

2.6. Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR analysis was performed using a TA Instruments spectrometer with an ATR accessory to characterize 

functional groups in PLA and PLA/FsHAp composites. About 7 mg of each sample was placed on the ATR 

crystal, and spectra were collected over 4000–600 cm⁻¹ to identify characteristic bonds. 

 

2.7. Morphology 

Surface morphology of neat PLA and PLA/FsHAp composites was observed using a JEOL JSM-6400 SEM after 

sputter-coating the samples with a thin gold layer to minimize charging. 

 

3. RESULTS AND DISCUSSION   

 

3.1. Mechanical Properties 

The mechanical behavior of PLA/FsHAp composites was evaluated through tensile, flexural, and impact testing 

as described below. 

 

3.1.1. Tensile Properties 

Figure 2 presents the influence of FsHAp loading on the tensile strength of PLA/FsHAp composites. Neat PLA 

showed the highest strength (64.4 MPa), while the incorporation of FsHAp (10 to 30 wt%) generally reduced 

tensile strength. This reduction is mainly linked to the incompatibility between hydrophobic PLA and hydrophilic 

FsHAp, promoting filler agglomeration and weakening interfacial adhesion [14]. At 10 wt% FsHAp, the 

composite recorded the lowest strength (55.1 MPa), likely due to poor dispersion and limited reinforcement. 

Increasing the filler content to 20 wt% improved strength to 58.1 MPa, suggesting better dispersion and stronger 

reinforcement at this level. However, at 30 wt%, tensile strength decreased again (56.2 MPa), attributed to 

renewed agglomeration and stress concentration, leading to compromised structural integrity. Similar trends have 

been reported in earlier studies, where excessive FsHAp loading promoted premature failure due to poor 

interfacial bonding and stress localization [15]. 

Figure 3 shows the variation of Young’s modulus in PLA/FsHAp composites with filler loadings up to 30 wt%. 

Neat PLA displayed the lowest modulus (1490 MPa), while incorporation of FsHAp led to a steady increase, 

reaching 2522 MPa at 30 wt%, a 69% improvement. This enhancement is attributed to effective filler dispersion 

within the PLA matrix, which increases stiffness and brittleness, thereby improving rigidity. The reinforcing effect 

of FsHAp contributes to higher structural integrity and modulus [15]. Although this trend contrasts with some 

studies reporting negligible or adverse effects of FsHAp addition [16], it is consistent with reports where higher 

FsHAp content enhanced the modulus of PLA composites [17]. 

Figure 4 presents the elongation at break of PLA/FsHAp composites as a function of FsHAp filler content. In 

general, incorporating rigid fillers like FsHAp into the PLA matrix leads to a reduction in elongation at break [7]. 

Pure PLA exhibited an elongation at break of 6.24%, indicative of ductile failure. Upon the addition of FsHAp 
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fillers, the deformation behaviour shifted markedly, with a noticeable transition to brittle behaviour occurring at 

around 10 wt% FsHAp, where the elongation at break dropped to 4.66%.  

 

 
Fig. 2. Tensile strength of PLA/FsHAp composites at varying FsHAp filler content 

 

 

 
Fig. 3. Young’s modulus of PLA/FsHAp composites at varying FsHAp filler contents 

 

 

 

 
Fig. 4. Elongation at break of PLA/FsHAp composite at varying FsHAp filler content 

 

 

According to Pawarangkool and Keawwattana [14], such composite failures typically originate at the interface 

between the FsHAp fillers and the PLA matrix. Interestingly, at 20 wt% FsHAp content, the elongation at break 

increased slightly to 4.93%, likely due to a more homogeneous dispersion of FsHAp within the matrix, which 

may have improved interfacial adhesion and stress distribution. This observation is consistent with the tensile 

strength data, which also showed enhancement at 20 wt% FsHAp. However, at 30 wt% FsHAp content, the 

elongation at break decreased again to 3.54%. This decline is attributed to the agglomeration of FsHAp particles, 
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leading to reduced contact areas and the formation of microstructural defects, which compromise the overall 

flexibility and stiffness of the composite. 

 

3.1.2. Flexural properties  

Figure 5 presents the influence of FsHAp filler loading on the flexural strength of PLA/FsHAp composites. Pure 

PLA displayed the highest flexural strength of 117.5 MPa, while the composite containing 30 wt% FsHAp showed 

the lowest value at 90.9 MPa. The reduction at higher filler content is associated with poor particle dispersion and 

increased viscosity, which hinders effective stress transfer. At 10 wt% FsHAp, the flexural strength dropped 

noticeably to 93.6 MPa. In contrast, an improvement was recorded at 20 wt% FsHAp, where the value increased 

to 99.6 MPa, likely due to more uniform filler dispersion that enhanced interfacial adhesion and load transfer. The 

observed trend is consistent with the tensile strength results, with the 20 wt% FsHAp composites achieving the 

best performance in both properties. The significant decline at 30 wt% FsHAp is mainly attributed to particle 

agglomeration, which weakens bonding at the filler–matrix interface and reduces overall mechanical integrity. 
 

 
Fig. 5. Flexural strength of PLA/FsHAp composite at varying FsHAp filler content 

 

Figure 6 shows the variation in flexural modulus of PLA/FsHAp composites with different filler loadings. The 

modulus increased markedly from 3821 MPa for neat PLA to 5107 MPa at 30 wt% FsHAp, representing an 

improvement of about 33%. This increasing trend agrees with the results reported by Ferri et al. [17], who 

observed a progressive rise in flexural modulus with higher FsHAp content. The findings suggest that 

incorporating FsHAp effectively enhances the stiffness of PLA-based composites. 
 

 
Fig. 6. Flexural modulus of PLA/FsHAp composite at varying FsHAp filler content 

 

3.1.3. Impact properties 

Figure 7 depicts the impact strength of PLA/FsHAp composites at different filler loadings. Neat PLA recorded an 

impact strength of 2.8 kJ/m², reflecting its limited capacity for energy absorption due to its inherent brittleness 

and low plastic deformation before fracture [17]. With the addition of FsHAp, the impact strength gradually 

increased, reaching the highest value of 3.1 kJ/m² at 20 wt%. This improvement is likely attributed to better 

dispersion of FsHAp particles within the PLA matrix, which enhanced energy dissipation during fracture [4]. 

However, a significant decline in impact strength was observed at 30 wt% FsHAp, dropping to 1.48 kJ/m², about 

113% decrease compared to the 20 wt% formulation. This reduction is attributed to particle agglomeration at 

higher filler contents, leading to poor dispersion and the formation of stress concentration sites within the PLA 

matrix. Such agglomerates hinder effective stress transfer and reduce the interaction between PLA chains [15]. 
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Therefore, 20 wt% FsHAp filler content appears to be the optimum composition, providing the highest impact 

strength among all tested formulations, likely due to enhanced dispersion and interfacial bonding within the 

composite. 

 
Fig.7. Impact strength of PLA/FsHAp composites at varying FsHAp filler content 

 

3.2. Microstructure Properties  

Figure 8 presents the fracture surface morphologies of neat PLA, PLA/FsHAp10, PLA/FsHAp20, and 

PLA/FsHAp30 composites. The fracture surface of pure PLA (Figure 8a) appears relatively smooth, a typical 

feature of brittle failure with limited plastic deformation. In contrast, incorporating FsHAp fillers produced 

rougher surfaces with noticeable porosity and voids. At 10 wt% and 20 wt% filler loadings (Figures 8b and 8c), 

the composites show a more refined and uniform distribution of spherical FsHAp particles within the PLA matrix. 

The spherical particle geometry promotes better dispersion despite some degree of agglomeration, which is 

expected due to the wide particle size distribution [17]. This improved dispersion enhances interfacial adhesion 

between the filler and matrix, enabling more effective stress transfer and improved mechanical properties [19]. 

Notably, the microstructural observations at 20 wt% FsHAp correspond closely with the tensile, flexural, and 

impact test results, confirming that this composition provides the most favorable dispersion and performance. 

Furthermore, a noticeable agglomeration of FsHAp particles within the PLA matrix was detected, particularly at 

the 30 wt% filler content. These clusters act as stress concentration sites, which promote crack initiation and 

premature failure [15]. The presence of irregularly shaped aggregates hinders effective particle interlocking and 

entanglement, resulting in poor dispersion of the filler throughout the matrix. Consequently, the composite 

exhibits reduced energy absorption during impact, leading to diminished mechanical performance [17]. The SEM 

observations for the 30 wt% FsHAp formulation are consistent with the declines in tensile, flexural, and impact 

strength, confirming that excessive filler loading adversely affects composite properties. 

 

 
Fig. 8. SEM micrographs of impact fracture surface of (a) PLA, (b) PLA/FsHAp10, (c) PLA/FsHAp20 and (d) 

PLA/FsHAp30. 
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3.3 Chemical and Thermal Properties 

 

3.3.1. Chemical Analysis Using FTIR 

The FTIR spectra of neat PLA and PLA/FsHAp composites are presented in Figure 9. In the spectrum of pure 

PLA (Figure 9a), a distinct band appears at ~2944 cm⁻¹, corresponding to CH₃ stretching vibrations. Characteristic 

ester-related peaks are also observed at 1747 cm⁻¹, 1180 cm⁻¹, 1080 cm⁻¹, and 1042 cm⁻¹ [4]. Among these, the 

sharp absorption at 1747 cm⁻¹ is attributed to C=O stretching, while the band at 1264 cm⁻¹ is associated with C–

H bending in the PLA backbone. Additionally, a peak at 868 cm⁻¹ indicates OH bending vibrations [4]. 

 

 
 

Fig. 9. FTIR spectrums of (a) PLA, (b) PLA/FsHAp10, (c) PLA/FsHAp20 and (d) PLA/FsHAp30 

 

Figures 9(b), (c), and (d) present the FTIR spectra of PLA/FsHAp composites containing 10, 20, and 30 wt% 

FsHAp, respectively. Notably, the C=O stretching band at 1746 cm⁻¹ exhibited a slight shift toward lower 

wavenumbers, particularly in the composite with 20 wt% FsHAp, suggesting the presence of chemical interactions 

between the FsHAp filler and the PLA matrix [19]. Furthermore, the PO₄³⁻ vibrational stretching band became 

increasingly prominent with higher FsHAp content. Specifically, for the 30 wt% FsHAp composites, the PO₄³⁻ 

peak was observed at 569 cm⁻¹, while in the 10 wt% composite, this peak appeared at a slightly higher 

wavenumber (571 cm⁻¹), indicating interactions between phosphate groups and the PLA matrix. These spectral 

changes are likely associated with improved dispersion of FsHAp particles and enhanced matrix–filler interactions 

[20]. Additionally, the emergence of new C–H bending bands further supports the occurrence of additional 

molecular interactions between the PLA and FsHAp components [20]. In contrast, although the 30 wt% FsHAp 

composites exhibited the most intense PO₄³⁻ peak and pronounced spectral features from both PLA and FsHAp, 

this was likely due to particle agglomeration, which may have reduced the extent of interfacial interaction between 

the matrix and filler. 

 

3.3.2. Thermal Properties Using DSC 

Figure 10 presents the DSC thermograms of neat PLA and PLA/FsHAp composites, illustrating their glass 

transition (Tg) and melting behavior (Tm). Among the formulations, the 30 wt% FsHAp composite displayed the 
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highest Tg at 58.3 °C. The addition of 10 and 20 wt% FsHAp increased the stiffness of the PLA matrix and 

restricted chain mobility [21], which may explain the absence of a distinct Tg peak in their DSC profiles. In 

contrast, at 30 wt% loading, a clear Tg signal was detected at 58.4 °C, indicating weaker polymer–filler 

interactions at higher filler concentrations. Similar to the findings of Albano et al. [22], this behavior suggests that 

interfacial interactions or non-covalent bonding between FsHAp and PLA chains contribute to reduced chain 

mobility, thereby modifying the thermal transitions. 

The melting temperature (Tm) of neat PLA was slightly higher than that of the composites containing 10 and 20 

wt% FsHAp, while the 30 wt% formulation exhibited only a minimal difference compared to neat PLA. The 

reduction in Tm at lower filler loadings is attributed to the disruption of chain packing and the formation of 

structural imperfections within PLA crystallites. As noted by Puteri Marzuki et al. [23], the melting characteristics 

of PLA/HAp systems depend on factors such as HAp particle size and the degree of lamellar crystalline perfection, 

which may develop both at the filler interface and within the polymer matrix. These irregularities contribute to a 

decrease in Tm. The small variation in Tm between the 10 and 20 wt% composites suggests only a limited effect 

of filler content on the crystalline order of PLA at these levels. Likewise, the negligible change at 30 wt% indicates 

reduced filler–matrix interactions at higher loadings. 

 

 
Fig. 10. DSC thermograms of (a) PLA, (b) PLA-10FsHAp, (c) PLA-20FsHAp and (d) PLA-30FsHAp 

 

In terms of crystallization, pure PLA exhibited the highest crystallization temperature (Tc) at 108.9 °C, whereas 

all composites showed lower Tc values. This decrease is linked to the role of FsHAp in inducing heterogeneous 

nucleation, which dilutes the available polymer chains and decreases overall crystallinity [24]. Interestingly, 

within the composites, Tc increased gradually with rising filler content (10–30 wt%). This behavior can be 

explained by the restriction of chain mobility imposed by FsHAp particles; as filler loading increases, the reduced 

interparticle spacing further limits chain movement, slowing crystallization kinetics and resulting in a higher Tc. 
 

4. CONCLUSIONS 

 

PLA/FsHAp composites with different filler loadings were successfully prepared using a twin-screw extrusion 

method. The FsHAp powder (5–10 µm) acted as an effective reinforcement for the PLA matrix. Among the 

studied formulations, the composite containing 20 wt% FsHAp showed the best overall performance, recording 

the highest tensile strength (58.1 MPa) and impact strength (3.1 kJ/m²). These enhancements are attributed to the 

well-dispersed FsHAp particles and strong interfacial bonding with the PLA matrix, as evidenced by SEM and 

FTIR analyses. The improved filler–matrix interface facilitated more efficient stress transfer and energy 

absorption, making the 20 wt% formulation particularly promising for biomedical uses that demand high impact 

resistance, such as bone fixation devices. 

At higher filler loading (30 wt%), agglomeration and irregular particle morphology were observed, which reduced 

dispersion quality and negatively affected the mechanical response. Thermal analysis revealed slight decreases in 

glass transition and melting temperatures with increasing FsHAp content; however, the composites maintained 

stable thermal behaviour at 30 wt%, suggesting their suitability for physiological environments (~37 °C). 
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Overall, the PLA/20 wt% FsHAp composite offers the most favourable balance between mechanical strength and 

thermal stability, identifying it as a strong candidate for biomedical applications. 
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