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ABSTRACT 

Despite extensive research on three-dimensional (3D)-printed scaffolds for bone tissue engineering, 

constructs capable of accurate replication of bone structure have remained a significant challenge. This 

study, aims to develop porosity-gradient scaffolds based on poly lactic acid (PLA)/Bredigite 

(Ca7MgSi4O16) nanoparticles using the fused deposition modeling (FDM) technology to simulate the 

two distinct cortical and cancellous layers of the natural bone with 3-D interconnectivity to promote 

richer supply of blood, oxygen, and nutrients for healthy in-growth of bone cells and supporting 

mechanical properties necessary for tissue growth. The role of Bre nanoparticles and porosity gradient 

on the mechanical, physiological, and biological properties of scaffolds was also addressed. The results 

showed a significant improvement in the compressive strength of the scaffolds with porosity gradient 

compared to scaffolds without gradient (i.e. compressive strength of 172 ± 32.2 MPa for PLA/20% Bre 

scaffold vs. 40.2 ± 24 MPa for the pure polymer scaffold). The scaffolds with porosity gradient and Bre 

nanoparticles significantly improved the in vitro bioactivity of scaffolds, proliferation, osteogenic 

differentiation of osteoblast-like cells, and mechanical properties, making them attractive for bone 

regeneration. In summary, the PLA/Bre scaffolds with porosity gradient can be an appropriate 

candidate for bone tissue engineering. 
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Introduction 

The critical segmental bone defect is one of the main problems in orthopedics, seriously affecting the 

patient’s health [1]. Although autogenous bone grafting has long been the gold treatment standard, the 

number of available bones limits its widespread clinical application [2]. For this purpose, bone tissue 

engineering was suggested in 1987 to obtain artificial bone substitutes for replacement and regeneration 

[3]. An ideal bone scaffold should have interconnected porous structure, mechanical support, 

permeability, and bioactivity [4]. Meanwhile, an interconnected porous structure and gradient can 

effectively improve cell proliferation and growth as well as the transport of nutrients and oxygen, 
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thereby promoting tissue regeneration [5,6]. One of the most important challenges in bone tissue 

engineering is to balance the relationship between the porous structure, the mechanical property, and 

permeability. The natural human bone is commonly formed of two main zones with a porosity 

gradient, gradually decreasing from the inner cancellous bone to the outer cortical bone. Cancellous 

bone, also named trabecular or spongy bone, has a high porosity of 50-90% and a large number of 

fractal-like bubble structures; while cortical bone possesses a low porosity of 5-10% [7]. An ideal 

scaffold should have three-dimensionally interconnected porosity with gradient pore sizes to assure a 

rich blood supply, nutrient delivery, and gas exchange to promote in-growth of bone cells and proper 

mechanical features [4,5,6]. The mechanical property of the composite scaffolds provide appropriate 

support for the defect place, stimulates bone regeneration and repair, and provides interconnected 

pores to support the growth of new bone. The advantage of the different radial porous of scaffolds (1) 

The porous zone in the middle simulates cancellous bone and offers enough space for nutrient delivery, 

cell growth and survival (2) The outermost dense zone mimics cortical bone, provides mechanical 

support for bone tissue regeneration [8]. The bone is a connective tissue consisting of collagen 

(polymeric phase), mineral (ceramic phase), and water. The mineral phase of human bone is formed of 

a crystalline form of calcium phosphate ceramic similar to hydroxyapatite (Ca10(PO4)6(OH)2). A 

bioactive ceramic elicits a specific biological response at the interface of the material, which results in 

the formation of a bond between the tissues and the material while a bioresorbable material gradually 

degrades over time and is replaced with human natural tissues [9]. Bioceramics can be employed as 

bone grafts due to their low density, chemical inertness, high wear resistance, excellent tissue 

adherence, and compositional similarities with natural bone. Their brittleness and weak mechanical 

strength, however, have limited their use. A solution to this problem could be a polymer-ceramic 

composite, which incorporates the desirable properties of each of the constituent materials. Significant 

research has already been devoted to developing polymer-ceramic composites for bone graft 

applications [10]. Owing to its biocompatibility, biodegradability, and non-toxicity, poly lactic acid 

(PLA) has been considered a promising polymer for tissue engineering and medical applications [11]. 

Polylactic acid is a hydrophobic polymer with low surface energy and bioactivity. PLA is synthesized 

from renewable resources and can be used as packaging in packaging in industry or biomaterials for 

tissue engineering and medical purposes  [12,13]. Calcium silicate-based ceramics have been considered 

for bone tissue engineering applications due to their superior biological and mechanical properties. 

Compared to hydroxyapatite (HA), these ceramics showed superior mechanical properties, bioactivity, 

and biocompatibility, making them suitable bioceramics for biomedical applications [14,15]. Bredigite 

(Ca7MgSi4O16) is known as calcium silicate-based bioceramic. The presence of calcium, magnesium, and 

Si ions in Bre has made it an interesting bioactive material. This ceramic has superior mechanical 

properties compared to HA [16]. Moreover, the dissolution of Bre in the body simulation solution and 

the formation of ionic products containing Si and Ca improves the cell proliferation on the surface. In 

this way, Bre powder accelerates integration with living bone and helps repair bone defects in the 

human body [17]. This can be achieved by increasing the proliferation and differentiation of osteoblast 

cells, stimulating collagen production, and improving bone growth [17,18]. In addition, Bre is used as 

a coating material to overcome the slow osseointegration and poor mechanical support of the host bone 

tissues as well as reducing the rate of implant loosening [19]. Various methods have been used to make 

PLA-based composite scaffolds, such as solvent casting and special leaching, gas foaming, 

electrospinning, melt molding, and freeze drying, which suffer from low controllability of structural 

features such as porosity and morphology. The use of toxic solvents can limit their application, as well. 

Today, the use of rapid prototyping methods, especially 3D printing, provides a controllable and 

precise architecture for tissue engineering scaffolds. Fused Deposition Modeling (FDM) is a simple 3D 

printing process that creates a computer-aided design (CAD) model layer by layer. The ability to control 
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layer thickness, porosity, and extrusion temperature are among the advantages of the FDM method 

[20,21]. In a study on FDM-fabricated PLA/hydroxyapatite (HA) scaffolds, the addition of 50 wt.% HA 

to the polymer matrix resulted in an increase in void percentage and a decrease in stiffness as well as 

the amorphous structure of the PLA [22]. In previous studies, it is very common to add bioactive 

mineral fillers to biopolymers in order to fabricate the composite scaffolds. PLA/bioceramic composite 

scaffolds are very suitable for bone tissue engineering. In such scaffolds, suitable mineral fillers can 

reinforce the scaffold, and also play a key role in enhancing the cell adhesion, proliferation and 

differentiation [23]. The CaO-MgO-SiO2 based bioceramics improved the adhesion, proliferation, and 

differentiation of MC3T3-E1 cells due to the release of calcium, magnesium, and silicon ions which can 

serve as the reinforcement of the polymeric scaffolds [24]. Masoud Arastouei et al. reported that adding 

Akerminite (Ca2MgSi2O7) to PLA led to an increase in the mechanical strength. Moreover, the ionic 

products released from this bioceramics neutralized the acidic products of PLA degradation. The 

release of Ca, Mg and Si from Akerminite enhanced the cell behavior of MC3T3-E1 osteoblastic cell line 

[24]. Marjan Eilbagi et al. developed novel nanostructured composite scaffolds containing Bre powders 

with various Bre amounts (0, 5, 10, and 15 wt.%) using the space holder method. The addition of Bre 

powder reduced the average pore and grain sizes, which resulted in the promoted mechanical 

properties of the scaffolds. The HA/Bre composite scaffolds have shown better bioactivity and 

biodegradability compared to pure HA. Furthermore, HA/Bre scaffolds significantly promoted cell 

proliferation and differentiation compared to HA scaffolds [25]. 

This study reports the fabrication of PLA/Bre composites scaffolds with porosity gradient and different 

Bre contents via fused deposition modeling (FDM), a commercially available RP technique. In our 

research, we have characterized these controlled porosity PLA/Bre composites scaffolds in the 

presence of different contents of Bre on the their physical, mechanical, and biological properties.  

 

Materials and Methods 

2.1. Materials 

Bredigite powder (particle size = 100-129 nm) was synthesized by sol-gel method according to our 

previously reported procedures [26], Medical grade Poly Lactic Acid (with the mean Molar weight of 

10,000) was purchased from Sigma-Aldrich Company (Sigma - Aldrich: GF45989881). 

 

2.2. Fabrication of the PLA – Bre composite scaffolds using FDM 

Briefly, PLA solution with a concentration of 10 wt.% was prepared in chloroform and stirred for 3 h at 

a speed of 200 rpm until reaching a uniform solution. Then, the Bre suspension was obtained in 

chloroform. To have a uniform distribution and prevent agglomeration, the Bre solutions were 

sonicated in an ultrasonic homogenizer (Grant XB6: UK) for 10 min. Then, the proper amount of Bre 

suspension was gradually added to the polymer solution and mixed for 30 min to achieve the uniform 

composite solutions, including pure PLA and composites with different loads of Bre particles (0, 10, 20, 

and 30 wt.%). The solutions were dried at ambient temperature. Composites were crushed and entered 

into the printer cylinder. The printer (FDM: BioFabX2) is a cylinder and piston system that works by 

applying air pressure. The crushed composite was entered into the cylinder, and the temperature of the 

cylinder increased to 195℃, and the material melted. Then, by applying wind pressure and based on 

the three-dimensional design, PLA-Bre composite scaffolds with 0%, 10%, 20%, and 30% Bre 

nanoparticles were fabricated for 3D printing of bone tissue scaffold. In this research, a group of 

scaffolds was made with a radial gradient structure imitating natural human bone with a gradual radial 

decrease in porosity from spongy bone to cortical bone via 3D printing. Two other groups of scaffolds 

were made with the pore size of the center (similar to spongy bone) and the pore size of the peripheral 
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zone (similar to cortical bone) to investigate the effect of the porosity gradient on the mechanical 

properties and some physical properties of the scaffolds (Fig 1). 

 

Fig 1.) The representative images of PLA/Bre scaffolds made with (i) porosity gradient, (ii) the pore 

size of the center (similar to spongy bone) and (iii) the pore size of the peripheral zone (similar to 

cortical bone). 

 

2.3. Characterization of nanoparticles 

A simultaneous thermal analyzer (STA) was used for the detection  of possible transformations of the 

as-dried sol-gel  powder. The morphology of the fabricated powders was studied by a field emission 

scanning electron microscope (FESEM, Philips XL30). The morphology and distribution of elements 

(Ca, P, Mg, Si) in the synthesized powders and sintered scaffolds were evaluated using a scanning 

electron microscope (SEM, Phillips XL 30: Eindhoven, Netherlands) coupled with an energy-dispersive 

spectroscope (EDS, map: EDXA). The mean particle size of Bre was measured by dynamic light 

scattering (DLS) carried out with a Zetasizer Nano ZS (Horiba SZ -100). To explore the stability of 

particle suspensions, the zeta potential of the Bre particles was measured with a laser Doppler 

electrophoresis (LDE) instrument (Nano Series, Malvern Instrument Ltd., UK). To roughly simulate in 

vivo ionic environments, Bre powders were suspended in physiological saline (0.154 M NaCl solution) 

at pH 5, 7.4, and 9. The suitability of such in vitro studies was addressed by Bagambisa et al. [27], who 

found that an aqueous in vitro model yielded complementary results when compared to the in vivo 

findings because of the ubiquitous presence of water. The zeta potential was measured six times (each 

measurement being the average of 40 runs), and the mean values and standard deviations were 

calculated. The instrument automatically calculates electrophoretic mobility (U) and zeta potential 

according to Smoluchowski's equation [28]:  

ζ= Uƞ/ɛ             (1) 

 Where ζ is the zeta potential, U denotes the electrophoretic mobility, ƞ represents the medium 

viscosity, and ɛ is the dielectric constant. X-ray diffraction (XRD) analysis was performed for phase 

analysis of the synthesized powders (Philips XʼPert – MPD System). 

 

2.4. PLA/Bre composite characterization 

Rheology is the science of studying the flow and deformation of fluids under the influence of a stress 

field. One of the most prominent rheological properties of fluids is viscosity, which is a measure of the 

resistance of fluids to flow or deformation under the influence of an applied stress field. Depending on 

how viscosity changes in response to applied stresses, fluids are classified into two categories: 

Newtonian and non-Newtonian. The fluid behavior was determined under different temperatures and 

stress conditions using a rheometer. Rheometers are used in the calculation of rheological properties in 

various materials such as non-Newtonian fluids, especially in polymers, thermoplastics, pasty 

materials, polymer solutions, resins, adhesives, and biopolymers. In this test, the viscosity of PLA-Bre 

composites was examined with different percentages of Bre (10%, 20%, and 30%) at 100 to 260 ˚C. 

The chemical composition of PLA-Bre was explored using X-ray diffraction (XRD, X'Pert Pro X-ray 

(i) (ii) (iii) 
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diffractometer, Phillips, Netherlands) technique carried out with CuKα radiation (λ = 0.154 nm) at a 

generator voltage of 40 kV. 

The chemical composition of the composite PLA-Bre was also confirmed through Fourier transform 

infrared spectroscopy (FTIR) (Bomem, MB 100) over a range of 600– 4000 cm−1 at a resolution of 2 cm−1. 

 

2.5. Mechanical properties of composite scaffolds 

 To investigate the mechanical behavior  of three groups of composite scaffolds, compressive strength, 

and modulus were estimated using a compression test machine (Hounsfield, H25KS) at room 

temperature on three specimens (with the dimensions of 10×10×10 mm3) for each group at a speed of 1 

mm/min. Compressive modulus was calculated based on the slope of the initial linear portion of the 

stress-strain graphs. The compression test was conducted according to the ASTM F2150-19 standard 

with a cross-head speed of 0.5 mm/min up to 70% strain on the specimens with the dimensions of 

10*10*10 mm3 at the ambient temperature. Compressive modulus was calculated via the slope of the 

initial linear portion of the stress-strain graphs for scaffolds. This test was repeated 3 times for each 

sample . 

 

2.5.1. Analysis of finite element simulation software 

To simulate the pressure test and analyze the stress on scaffolds with radial gradient, ABAQUS 

simulation software was employed. The effect of porosity gradient was also investigated on scaffolds 

mechanical properties. First, the scaffold was designed in 3D design software and entered as a piece of 

the finite element analysis modeling software. In the next step in the material section, material 

properties were obtained, including density, elasticity, and plasticity, from a standard sample pressure 

test, which were then entered into the software. Subsequently, the properties were entered into the 

software. The boundary conditions of the finite element analysis modeling were set to simulate the 

uniaxial compression process of the 3D-printed scaffolds. 

 

2.6. Contact angle measurements 

The wettability of the composite scaffolds was evaluated by means of dynamic constant angle 

measurement (VCA optima, AST, Inc.) equipped with a precision camera to capture dynamic images 

of the droplets. 

 

2.7. In vitro degradation behaviors 

The in vitro degradation rate of the composite scaffolds was investigated by measuring their weight 

loss during soaking in PBS using the method suggested by Huang et al. [29]. In this study, the samples 

were immersed in phosphate buffered saline (PBS) with azide sodium 0.1% (w/v) pH = 7.4 and kept in 

an incubator for up to 28 days at a uniform temperature of 37 °C. Firstly, samples of composite scaffolds 

with a rectangular cross-section (1 × 1 cm2) were weighed on a scale with accuracy up to 0.0001 g and 

immersed in 5 ml of PBS solution containing 0.1% (w/v) sodium azide under constant stirring at 37 °C 

in the incubator. At specific intervals, the pH value of the PBS solution was measured by pH meter and 

exchanged with fresh PBS containing 0.1% (w/v) sodium azide to ensure a constant pH =7.4. After each 

degradation period (7, 14, 21, 28 days), the specimens were washed with deionized water and dried in 

a vacuum oven at room temperature overnight. Ultimately, the weight loss after the degradation test 

was calculated using the following equation (2): 

Weight loss = [ (M0-Md) / M0] ×100        (2) 

Here, M0 and Md are the dried weights of PLA/Bre scaffolds before and after the degradation period 

measured by analytical balance, respectively. 
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 2.8. In vitro bioactivity assays 

In vitro bioactivity of composite scaffolds was studied by soaking specimens in a Simulated Body Fluid 

(SBF) solution. The SBF was prepared as reported by Kokubo et al. [30], and the scaffolds were 

immersed in it at 37 ℃ for specified periods up to 28 days. Apatite formation on the surface of the 

scaffolds was investigated by SEM equipped with EDS, and Fourier transform infrared (FTIR) tests 

were also used to evaluate the formation of apatite on the surface of both the pure PLA and composite 

scaffolds. SBF solutions were collected at regular intervals to measure the ion concentrations of Ca, Mg, 

and P by inductively coupled plasma atomic emission spectroscopy (ICP) (AES; Varian, USA). In 

addition, the pH values of the solution during scaffold soaking were investigated. 

 

2.9. Cell culture assay 

Biocompatibility of the coatings (n = 3) was investigated using an MG63 cell line from the Royan 

Institute of Iran. The MG63 cells were cultured in complete culture medium (DMEM-low, containing 

10% (v/v) fetal bovine serum (FBS, Bioidea, Iran) and 1 (v/v) % streptomycin/penicillin (Bioidea, Iran)) 

at 37 °C under 5% CO2. The culture medium was refreshed every 3 days. Before cell culture, the 

specimens were sterilized for 60 min in 70% ethanol and 6 h under UV light. As a result, the samples 

were immersed in the complete culture medium for a day just before cell seeding. Consequently, 104 

cells were seeded on the specimens as well as tissue culture plate (TCP, control), and cell-seeded 

samples were shown at 37 °C under 5% CO2 condition for 7 days, and the medium was refreshed every 

3 days. 

 

2.9.1. Cell viability assay  

The relative viability of cells was investigated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT), according to the manufacturer’s protocol (Sigma-Aldrich). At the specific time points, 

after removing the culture medium, 500 μl of MTT solution (0.5 mg/ml in a phosphate buffer solution 

(PBS)) was spilled into each well. After 4 h incubation at 37 °C under 5% CO2, the formazan purple 

crystals were dissolved in dindimethyl sulfoxide (DMSO solution, Sigma). The purple solution was 

then placed in 96-well plates, and their optical density (OD) was measured at the wavelength of 490 

nm using a microplate reader (Biotech) against DMSO (blank). Ultimately, the relative cell viability was 

expressed as follows [30]: 

 

Relative Cell Viability (%) = [ (Asample – Ablank) / (Acontrol – Ablank) ] × 100        (3) 

A sample, Ab and Ac are the absorbance of the sample, blank (DMSO) and control (TCP), respectively. 

2.9.2. Cell morphology study  

The morphology of the cells seeded on the samples was evaluated by the SEM technique. The cells were 

fixed with 2.5% glutaraldehyde solution (Sigma) for 3 h, after 7 days of cell culture.  Then, the cell-

seeded samples were washed two times with PBS and dehydrated in the graded concentrations of 

ethanol (30, 70, 90, 96, and 100 (v/v) %) for 10 min, respectively. After complete drying at room 

temperature, the specimens were imaged using SEM. 

  

2.10. ALP activity assay  

ALP expression was evaluated on the 3rd and 7th days of cell culture through ALP activity assay. The 

ALP activity MG-63 in the scaffolds was assessed through the dephosphorylation of para-

nitrophenylphosphate (pNPP) and its conversion to para-nitrophenol (pNP).  In this assay, the cultured 

cells were rinsed with PBS and dissociated from the surface of the samples through trypsinization. 

Then, they were soaked in a lysis buffer (25.0 mM HCL-Tris containing 1% Triton X-100, pH = 7.5) and 

centrifuged for 10 min at 12,000 rpm. The prepared samples (20 μL) were added to 1 mL of the kit 
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solution in a 96-well plate, and read by a microplate reader device at the wavelength of 405 nm [31]. 

 

2.11. Alizarin red assay  

Alizarin red assessment was run on the samples to assay calcium deposits on the 3rd and 7th days of cell 

culture. The culture medium was removed and replaced with 300 μL of 10 % formaldehyde solution. 

The prepared samples were washed with PBS after 20 min, and 500 μL of 40 mM alizarin red solution 

was added to the cell-contained samples. Samples were transferred to a shaker plate for 20 min. Next, 

the samples were washed several times with distilled water to eliminate excess dyes. The absorbed 

stains were observed by a stereoscope. Then, 400 μL of 10 % acetic acid was added to each sample and 

kept at room temperature for 30 min in tubes. The samples were placed in vortex for 30 min at room 

temperature. They were heated at 80℃ for 10 min. The tubes of samples were incubated on ice for 5 

min, and the prepared slurry was centrifuged for 15 min. The supernatant was transferred to a new 

tube containing 200 μL of 10 % ammonium hydroxide, and ultimately, the absorbance was read at 405 

nm by an ELISA reader [32]. 

 

2.12. Statistical analysis 

Statistical analyses were performed using Tukey’s Post hoc test by Graph Pad Prism Software (V.6). 

The values were reported as the mean (n = 3) and expressed as mean±SD. One-way ANOVA was used 

to determine the statistical differences (P<0.05). 

 

3. Results and discussion 

 3.1. Characterization of Bre powder 

STA analysis was carried out to investigate the phase changes during the heat treatment of as-dried 

bredigite powder at 120 ˚C for 48 h (Fig. 2a). The weight loss occurs within three stages, leading to a 

total weight loss of 16%. The first weight loss (7 %) occurred below 350°C, which might be due to the 

loss of adsorbed water molecule and remaining solvent (ethanol) [33,34,35]. Weight losses (9%) in the 

temperature range of 500-600 ˚C can be attributed to the dehydration of calcium nitrate tetrahydrate, 

decomposition of organic matter, and elimination of alkoxyl groups and burning of carbon and 

elimination of residual nitrates introduced by metal nitrate during the preparation of the sol [33,36,37]. 

The third stage of weight loss, observed in the temperature range of 600- 1200 °C, can be assigned to 

the crystallization of bredigite powder as confirmed by the XRD (Fig.2c) [33,36,38]. 

 The FESEM image of Bre powder in Fig. 2b revealed the nano-scale nature of the Bre particles. This 

micrograph shows the formation of agglomerated nanometer (100-130 nm) particles (Fig. 2b). The 

particle size distribution and the intensity of the bredigite dispersions were also measured by DLS (Fig. 

2d). The cumulants analysis of the correlation function indicates the average size of Bre nanoparticles 

of 100 ± 26 nm.  

Fig. 2c shows the X-ray diffraction (XRD) pattern of the dried powder heat-treated at different 

temperatures (1150 and 1250 ℃ for 2 h at a rate of 10 ℃/min). The XRD patterns of the Bre powder 

showed its successful synthesis with sol- gel method with high purity. A similar XRD pattern was 

reported elsewhere [34]. Zeta potential for Bre particles is negative (-17/5 mv). According to the reports, 

negative zeta potential has an important biological effect in the body environment [28], and low zeta 

potential can improve cell proliferation and adhesion [39]. Some studies showed that in materials with 

negative surface energy (negative zeta potential), the possibility of proliferation and adhesion of bone-

forming cells is higher than in surfaces without charge or surfaces with positive charge [40]. Zeta 

potential for Bre particle is negative. According to the reports, negative zeta potential has an important 

biological effect in the body environment [28] and low zeta potential has improved cell proliferation 

and adhesion [41,42]. Some studies showed that in materials with negative surface energy (negative 
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zeta potential), the possibility of proliferation and adhesion of bone-forming cells is higher than 

surfaces without charge or surfaces with positive charge [42]. 

 

Table 1. Measuring the surface charge of particles (zeta potential). 

(mv)Zeta potential Powder sample 

17.2 -  Bredigite 

 

 

 

 

Fig 2. Characterization of Br nanopower: a) TG/DTA curves of dried gel bredigite nanopowders 

dried at 120 ◦C for 48 h. b) FESEM image of bredigite powder in 1150, 1250 ◦C c) XRD patterns 

Bredigite powder at 1150, 1250 ˚C d) DLS analysis. 

 

3.2. Characterization of the PLA / Bre composite 

This study comprehensively investigates the rheological properties of polylactide (PLA)-based 

composites reinforced with Bre particles. The primary objective is to evaluate the influence of Bre 

particle content (10%, 20%, and 30% by weight) and temperature (ranging from 100 to 250°C) on the 

flow and viscoelastic behavior of these composites (Fig. 3). The findings provide crucial insights into 

the processability and potential applications of these materials. As clearly illustrated in Figure 3, the 

dynamic viscosity for all three PLA/Bre composite samples consistently decreases significantly with 

increasing temperature. This inverse relationship between viscosity and temperature is a universally 

expected rheological behavior for thermoplastic polymers and their composites [43]. Elevated thermal 

energy increases the mobility of polymer chains, thereby reducing internal resistance to flow [44]. At 

lower temperatures (e.g., 100°C in Figure 3), the initial viscosity of the samples followed a specific order: 

PLA-20% Bre > PLA-30% Bre > PLA-10% Bre. The observation that the initial viscosity of the PLA-20% 

Bre sample was higher than that of the PLA-30% Bre sample is noteworthy. This phenomenon could 

potentially be attributed to a more optimal and homogeneous distribution of ceramic particles within 

the polymer matrix, coupled with enhanced interphase interactions at the 20% concentration, leading 

(b) 
(a) 

(c) (d) 
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to a more effective increase in flow resistance [45]. However, as the temperature increased towards 

250°C, the viscosity differences between the samples diminished, and the curves converged to similar 

low values (approximately 0.07-0.08 Pa·s). This convergence at high temperatures suggests that under 

these conditions, the material's flow behavior is predominantly influenced by the mobility of the 

polymer chains, with the role of reinforcing particles becoming less significant compared to lower 

temperatures [46]. Both the storage modulus (G'), which represents the stored elastic energy and the 

material's elastic character, and the loss modulus (G''), which signifies dissipated energy (viscous loss) 

and the material's viscous character, were observed to increase with higher filler concentrations. This 

increase indicates mechanical reinforcement and enhanced stiffness of the composite upon the addition 

of rigid Bredigite particles [47]. A significant inflection point in the G' and G'' curves was identified 

within the temperature range of 168-174°C. This inflection point suggests a transition in the flow 

behavior towards shear-thinning under the influence of increasing temperature [48]. A downward 

trend in both G' and G'' was consistently observed for all three samples up to the maximum testing 

temperature of 250°C. Up to 195°C, the loss modulus (G'') in all three samples decreased by a maximum 

of 5%, indicating a relatively good thermal stability of the composites within this temperature range. 

This minor decrease can be attributed to various factors, including the release of entrapped air bubbles, 

a slight reduction in the sample's elasticity, or changes in residual transverse connections within the 

polymer network [49]. However, at temperatures exceeding 195°C, a sharp and instantaneous decrease 

in both G' and G'' was observed. This rapid decline, indicative of a significant reduction in the material's 

rigidity and hardness, is most likely influenced by the onset of structural disintegration of the polymer 

in response to the elevated temperatures [50]. While an increase in ceramic particle content from 20% 

to 30% would typically lead to an increase in viscosity and moduli (G' and G''), the excessive increase 

in additive percentage and consequently, the increased contact surface between ceramic particles, can 

lead to particle agglomeration [51]. This agglomeration, rather than promoting a more uniform 

distribution, results in the formation of larger structures and entangled networks of particles within the 

polymer matrix. Such agglomeration significantly increases the resistance to fluid flow, thus leading to 

an elevated viscosity [52]. This distinct effect of agglomeration contrasts with the benefits of a more 

uniform distribution observed at 20% Bre. Another notable observation is that at high temperatures, 

ceramic particles can sometimes act as lubricants. They achieve this by reducing friction between 

polymer molecules and facilitating their movement, which may explain the greater decrease in viscosity 

observed at high temperatures in the 20% and 30% Bredigite samples compared to the 10% Bredigite 

sample [53]. 

 

Fig 3. Rheology characteristics of Bre / PLA composite. 
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The presence of Bre particle within the PLA matrix was also investigated by XRD and FTIR studies 

(Fig.4). The XRD pattern of the PLA scaffold (Fig. 4a) consisted of PLA characteristic peaks at 2θ = 20˚. 

The presence of the characteristic peaks of Bre in the XRD patterns of the PLA-Bre scaffolds, specifically 

at higher Bre content (20 and 30 wt. %), confirmed the presence of Bre in the composite scaffolds.  

The ATR-FTIR spectra of the composite scaffolds are shown in Fig. 4b. The pure PLA scaffold exhibits 

8 critical inferred bonds. The absorption peak at 1748 cm-1 is due to CO = characteristic group, while 

two peaks at 1083 and 1181 cm-1 are related to C–O stretching [48]. Moreover, the peaks appearing at 

2920 and 2996 cm-1 demonstrate asymmetric and symmetric stretching of CH3 [54]. The peaks at 753 

and 856 cm-1 indicate C-H and C-C vibrational bonds, respectively. [55]. The band at 1451 cm-1 also 

corresponds to stretching vibrations [54]. Followed by combining the Bre in PLA scaffold, several bands 

appear. The peaks in the range of 1100-1000 cm, 960 cm, and 873 cm-1 are related to SiO4 stretching. 

However, the peak at 616 cm-1 indicates SiO4 bending. The band at 530 cm-1 can be ascribed to Ca-O 

stretching [54]. Thus, the whole characteristic bands of PLA and Bre suggests the physical interactions 

between PLA and Bre. 

 

 

Fig. 4. a) XRD patterns and b) ATR-FTIR spectra of composite scaffolds containing 0%, 10 %, 20 % and 

30 % of Bre. 

3.3. The structural properties of PLA/Bre scaffold 

Porous scaffolds are used to enhance cell proliferation and tissue regeneration. In the current study, 

nanocomposite scaffolds were fabricated by the incorporation of Bre into PLA scaffolds via FDM for 

the treatment of bone defects (Figs. 5b, c). Fig. 5a shows image of PLA, PLA/Bre 10 wt.%, PLA/Bre 20 

wt.%, and PLA/Bre 30 wt.%. As seen, all scaffolds have a gradient of porosity that simulates human 

bone with open and interconnected pores. The porous zone in the center simulates cancellous bone and 

provides enough space for oxygen and nutrient delivery, cell survival, and growth and the outermost 

dense zone mimics cortical bone, providing mechanical support for tissue repair and regeneration, 

while preventing fibrous tissue from growing and tissue regeneration [8]. The images of the printed 

scaffolds showed that, all PLA, PLA/Bre 10 wt.%, and PLA/Bre 20 wt.% were crack-free, but the 

PLA/Bre 30 wt.% scaffold contained cracks in some areas due to lower processability of PLA/Bre 30 

wt.% in comparison to other scaffolds. According to Fig.5b, the average pore size of the scaffolds 

decreased with increasing the Bre particle content. Moreover, SEM images of the PLA/Bre scaffolds 

showed coarser and more uneven surfaces.  

The EDX spectrum of the PLA / 20wt.% Bre scaffold (Fig.5c) also confirmed the presence of Ca in the 

nanocomposite scaffolds and the presence of Bre particles in PLA scaffolds. The EDS-mapping analysis 

of the PLA/Bre scaffold (Fig.5d) also showed that Bre particles were dispersed in the PLA matrix, 
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without any agglomeration up to 20 wt. % Bre. However, the agglomeration of nanoparticle was 

detected when the Bre content in PLA matrix was elevated to 30 wt. %.  

 
Fig. 5. a) SEM image of surface morphology of the PLA, PLA- Bre scaffolds. b) Average pore size of the 

PLA and PLA-Bre scaffolds. c) EDX spectrum of PLA- 20 Bre Scaffolds. d) EDS mapping analysis of 

PLA- 20 Bre scaffold. e) EDX spectrum for PLA- 30 Bre Scaffolds. f) EDS mapping analysis of the PLA-

30 Bre scaffold. 

 

3.4. Mechanical properties 

In other words, the mechanical properties decreased in the scaffold with the pore size of the center 

(similar to spongy bone) and scaffolds with the pore size of the peripheral zone (similar to cortical bone) 

compared to scaffolds with a porosity gradient due to the increased porosity volume. The mechanical 

properties of scaffolds with large pore sizes are reduced due to the increase in the volume of void spaces 

as larger voids reduced the resistance to compression and tension [56]. In two groups of scaffolds 

without porosity gradient, this trend  can be attributed to the particular pore structure and high 

porosity. Ceramic-incorporated composites must contend with problems including, but not limited to, 

agglomeration of ceramic particles, inadequate dispersion of the ceramic phase, and poor attachment 

at the ceramic-polymer interface [56,57]. These problems can cancel the advantages of a composite 

structure and lead to a significant reduction in mechanical properties. At Bre powder contents above 

30 wt.%, the relatively weak interfacial PLA/Bre interactions and agglomeration of the Bre powder 

during the fabrication of scaffolds could lead to the reduction of mechanical properties.  Additionally, 
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the presence of the Bre in the polymeric matrix also had a significant effect on reducing porosity and 

pore size of the scaffolds and also Bre particles with a better elastic modulus and compressive strength 

(compared with pure PLA) can serve as a stiff filler and enhance the stiffness of the PLA/Bre scaffolds. 

Arastouei et al. [58] fabricated PLA / Akermanite scaffold by fused filament fabrication (FFF) 

technology and reported an increment in the compressive strength with increasing the Akermanite 

content (27±2 MPa to 45±3 MPa). Shiota et al. [59] showed that the compressive strength of HA/β-TCP 

decreased with increasing β-TCP content. Based on previous data, reduction of β-TCP phase with 

increasing Bre content could also improve the mechanical properties of composite scaffolds. β-TCP 

composite scaffolds containing different Bre contents (25, 35, 45 wt.%) were fabricated by the space 

holder method and with a homogeneous microstructure and interconnected pores. The compressive 

strength of the βTCP/25 Bre scaffold was approximately twice of the pure β-TCP scaffold and similar 

to the trabecular bone. However, adding more Bre reduced the compressive strength due to the 

agglomeration of Bre phase at the grain boundaries [60]. Here, we expanded a bone-mimicking radial-

gradient scaffold to provide appropriate support for the defect site, stimulates bone regeneration and 

repair, and prepares interconnected pores to support the growth of new bone.  

 
 

Fig. 6.  a) Stress-Strain diagram of PLA scaffold with different percentages of Bre b) 

compressive strength and c) elastic modulus of PLA and PLA/Bre scaffolds containing various Bre 

contents. 

 

3.4.1. Finite element simulation  

Figure 7 presents the results of the finite element simulation conducted in the Abaqus environment. 

The boundary conditions for the modeling of the PLA-Bre composite scaffolds were set to simulate the 

uniaxial compression process of the 3D-printed scaffolds. The comparison of experimental and 

simulation results demonstrated good agreement between the predicted model and the experimental 

outcomes, indicating high accuracy for this gradient model. The PLA-Bre scaffold features a bone-

mimicking radial-gradient with a fractal-like structure, designed such that its properties gradually 

increase along the radial direction. This design effectively meets the requirements for the mechanical 

support performance of natural bone, transitioning from cancellous bone to cortical bone. Although the 

simulated compressive modulus was consistently higher than the experimental modulus, both 
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simulation and experimental methods showed similar trends in mechanical properties, with an increase 

observed along the radial direction. The mechanical characteristics of the PLA-Bre scaffold are designed 

to provide appropriate support for the defect site, thereby stimulating bone regeneration and repair, 

and preparing interconnected pores that facilitate the growth of new bone. 

 

 

 

Figure 7 a) A view of the definition of constraint and load on the model b) Meshing in Abaqus 

software on the 3D model c) Radial elastic modulus measurement points and modulus changes on the 

radius of the model d) Display of displacement in the Abaqus software and display the strain and 

stress in the Abaqus software. 

 

3.5. Wettability of PLA/Bre scaffolds 

Figure 8 illustrates the water contact angles of the scaffold surfaces. As depicted, the water contact 

angles for PLA/Bre composite scaffolds initially decreased significantly with increasing Bre content. 

Specifically, the contact angle reduced from approximately 88° for pure PLA to about 70° for PLA-

a) b) 

c) 

d) 
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20%wt. Bre. This reduction in contact angle directly indicates an improvement in the hydrophilicity of 

the composite scaffolds, which is generally desirable for biological applications. However, it was 

observed that the water contact angle for the PLA/30%wt. Bre scaffold (approximately 77°) was higher 

than that of the PLA/20%wt. Bre scaffold. This finding suggests that while the incorporation of Bre 

initially enhances wettability, there appears to be an optimal Bre concentration (e.g., 20%wt.) beyond 

which further increase in Bre content leads to a slight reduction in hydrophilicity. This behavior could 

be attributed to changes in surface morphology, such as increased surface roughness at higher filler 

concentrations leading to air entrapment, or potential agglomeration of Bre particles, which may reduce 

the effective hydrophilic surface area [61]. 

The observed variations in contact angle highlight the intricate relationship between surface roughness, 

porosity, pore size, and scaffold hydrophilicity. Specifically, the higher porosity of the PLA/20%wt. 

Bre scaffold (compared with PLA/30%wt. Bre). likely resulted in a reduced contact angle due to the 

enhanced capillary absorption of water droplets by the composite [62]. Conversely, in instances where 

surface roughness is sufficiently high, the peaks of the roughness can entrap fluid, leading to metastable 

states of the water drop. This phenomenon can result in an increase in the contact angle and a 

subsequent reduction in hydrophilicity [63,64] Overall, a higher specific surface area, often associated 

with increased porosity and improved wettability, generally results in scaffolds with a more 

hydrophilic character. This enhanced wettability is crucial as it makes the scaffolds more suitable for 

bone regeneration and facilitates better cell adhesion and nutrient exchange. 

 

Fig.8. Effect of the weight percent of Bre on the composite scaffolds of wettability. 

 

3.6. In vitro degradation behaviors 

Figure 9a shows the weight loss of pure PLA and composite scaffolds soaked in PBS. Weight loss of 

pure PLA occurs very slowly, without noticeable weight change throughout the degradation period. A 

slight increase in weight for pure PLA is primarily due to water absorption by the polymer. In contrast 

to the pure PLA scaffold, weight loss in the composites was significantly higher and increased 

progressively throughout the incubation period in proportion to the Bre powder content. The increased 

weight loss of the composite scaffolds can be mainly attributed to the degradation of Bre powder and 

the release of ions in the solution, a phenomenon facilitated by the hydrophilicity of Bre. 

Figure 9b depicts the pH changes of the PBS solution as a function of immersion time. As observed, the 

pH of the incubation medium slightly decreased from 7.4 in the presence of the pure PLA scaffold, 

owing to the acidic products of PLA degradation. Conversely, the pH values of solutions containing 

composite scaffolds with high amounts of Bre powder (30 wt.% Bre) increased during the first three 

days of incubation. This increase is attributed to the release of alkaline ions (such as Ca and Mg) from 

Bre particles, which locally compensate for the acidification of the medium caused by acidic products 

of the polymer degradation. This buffering role of Bre is another significant advantage in the composite 
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scaffolds, as it helps in mitigating inflammatory responses that may arise from the acidic decomposition 

of the polymers. Similar buffering effects have also been reported in forsterite bioceramics [65]. 

 

Fig.9. a) weight loss of PLA and PLA / Bre scaffolds following soaking in PBS. b) The changes of the 

pH value of the PBS solution during the soaking of the PLA and PLA / Bre scaffolds. 

 

3.7. In vitro bioactivity of composite scaffolds 

Biomaterials that are grafted to living bone must form an apatite layer after being implanted in the 

body. In vitro bioactivity of the composite scaffolds was evaluated by soaking the samples in SBF and 

investigating the formation of apatite on their surfaces. Fig. 10 represents SEM micrographs and EDS 

results of the pure PLA and PLA-20%wt. Bre composite scaffolds after soaking in SBF for a period of 

28 days. No signs of Ca/P formation was observed on the surface of pure PLA scaffold (Fig. 10a). In 

the presence of 20 wt.% Bre powder (Fig. 10b), spherical particles with needle like crystallites were 

formed on the surfaces and the pore walls of the composite scaffolds. Moreover, the number and size 

of the Ca/p particles rose on the surface of the PLA-Ak 30 wt.% scaffold after 28 days of immersion in 

the SBF [42]. By increasing the Bre content up to 30wt.%, the surface of the scaffolds was covered with 

apatite crystals and the surface morphology of the composite scaffold immersed in SBF changed, 

reducing the Ca: P ratio. Previous studies on the Si-containing bioceramics such as bioglass indicated 

higher bioactivity than pure HA [47]. Kokubo et al. [48] reported that silica plays an important role in 

the improved nucleation and growth of bone-like apatite layer on the bioactive composite scaffolds. 

According to the above results, the composite scaffolds of PLA and Bre powder can induce the 

formation of a Ca/P layer on their surfaces in SBF which is essential for bone tissue engineering 

applications. 

The surface of PLA and PLA/20% wt. Bre after soaking in SBF for 28 day was characterized by FTIR 

spectroscopy to analyze absorption bands of different functional groups and confirm the formation of 

apatite (Fig. 10c). The peaks appearing at 963, 1081, and 1144 cm-1 in PLA are related to the stretching 

vibration of P=O bonds and the asymmetric and symmetric stretching vibrations of P-O bonds in the 

phosphate structure, respectively, due to deposition of apatite on the surface of the sample [49,50]. The 

intensity of the characteristic peaks in the sample containing Bre is higher than the neat PLA, indicating 

the formation of more apatite in the sample containing Bre. The peaks at 1182, 1079, and 1042 cm-1 are 

related to the stretching vibration of P=O bonds and the asymmetric and symmetric stretching 

vibrations of P-O bonds due to apatite precipitation on the surface Bre-containing sample [48,49].  The 

peaks located at 1872 and 1622cm-1 are related to the bending modes of phosphate while the band at 

1755 cm-1 corresponds to carbonate functional group. The stretching vibration of Ca-O and Mg-O bonds 

in the Bre structure can be detected at 1622cm-1 which indicated the presence of Bre particle in the 

composite scaffolds [50,51,52]. 

https://www.sciencedirect.com/topics/engineering/ftir-spectroscopy
https://www.sciencedirect.com/topics/engineering/ftir-spectroscopy
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As can be seen, the pH values of the pure PLA scaffold did not significantly change after the first 7 days 

of soaking, after that, it started to become slowly acidic. In the composite scaffolds, the pH of SBF 

solution increased in the first 7 days, followed by a slow decreasing trend till the end of the soaking 

period. According to the obtained results, the increasing rate of pH and its value depend on the Bre 

powder content. In the presence of Bre powder up to 20 wt.%, the pH values did not clearly change, 

and at the end of these 28 days periods, the pH values were in about the initial values. Increasing the 

Bre powder loadings up to 30 wt.% leads to more drastic pH changes. Interchange of Ca2+ and Mg2+ 

released from Bre with H+ or H3O+ from SBF solution and formation of silanol bond (Si–OH) in the 

initial soaking times enhanced OH− concentration and pH of the solution, giving rise to apatite 

nucleation. Following the migration of calcium, phosphate and hydroxyl ions to the surface of scaffolds 

and nucleation of bone-like apatite, pH of solution slowly reduced, demonstrating the consumption of 

hydroxyl ions during the formation of apatite layer on the scaffolds contain Bre [54]. 

Fig. 10d shows Ca and P ions concentrations, based on ICP test, in the SBF used for the immersion of 

PLA/20 wt.% Bre scaffolds. In the initial stage of soaking (first 3 days), phosphorus and calcium ions 

were consumed from the SBF solutions toward the surfaces of the scaffolds. It shows a decrease of Ca 

and the P ions concentration for the composite scaffolds at the end of the 4-week soaking. The in vitro 

bioactivity test suggests the important role of Bre powder in the nucleation and growth of apatite in 

SBF. The suggested mechanism of bioactivity of Bre powder in the SBF was explained in previous 

studies [54].  

Results also show that the low wettability of PLA reduce the SBF interaction with the Bre powder in 

samples with low Bre powder content (≤30 wt.%). Moreover, the higher content of Bre powder in SBF 

may cause contact and reaction of Bre powder with SBF, leading to the mineralization of apatite.  

 
Fig10. a) SEM morphology of the PLA and PLA / Bre scaffolds, after 28 days of incubation in SBF. b) 

EDX analysis of the PLA and PLA/20% Bre scaffolds after 28 days of incubation in SBF. c) FT-IR 

spectra of PLA samples without and containing 20 wt% of Bre after immersion in SBF solution. d) The 

concentrations of Ca and P ions of the SBF solution during the soaking of PLA and PLA/Bre scaffolds 

e) pH changes of the SBF solution during the soaking of the PLA and PLA/Bre scaffolds. 



Revista Latinoamericana de la Papa 
Vol.29, No.1, 2025 
 

ISSN 1019-6609 
 eISSN 1853-4961 

 
  

 

Available online at https://papaslatinas.org                                   556 

3.8. Cytotoxicity assay 

Fig. 11 shows the results of the MTT assay of composite and pure PLA scaffolds after 7 days of cell 

culturing. The OD values serve as an indicator of the relative number of cells. The results demonstrate 

the much faster cell growth in the composite samples compared to the control one, suggesting non-

cytotoxicity of the PLA-Bre composite. Results indicated lower cell proliferation onto the pure PLA 

scaffold with a significant difference (p < 0.05). The hydrophobicity of the PLA sample reduced the cell 

proliferation capacity. According to the results, cell proliferation on composite scaffolds significantly 

increased during 3-day culture period (p<0.001 or p<0.05), which is consistent with previous studies 

[69]. Although cells exhibited highest proliferation on PLA/20 wt.% Bre, no obvious difference was 

observed between composite scaffolds with different Bre content (p>0.05). It is reported that Bre have 

more profound effect on cell behavior and viability in comparison with β-tricalcium phosphate (β-TCP) 

[70]. In another study, the presence of akermanite improved the survival of bone marrow mesenchymal 

stem cells (MSCs). Moreover, the non-toxicity of CaO-MgO-SiO2-based bioceramics and their 

constituents was confirmed in the literatures [73,74]. The release of Si and Ca ions from the CaO-MgO-

SiO2-based bioceramics to the culture medium can be the reason for its desirable cell compatibility [75]. 

 

Fig. 11. The relative cell viability results with respect to the control sample on the 1, 3 and 7 days of cell 

culture related to the scaffolds containing (a) 0%, (b) 10 %, (c) 20 % and (d) 30 % of Bre; (*) p < 0.05, (**) 

p < 0.01. 

 

3.9. Cells adhesion and proliferation assay 

 The images of cell adhesion and proliferation are shown in Fig. 12. As indicated, MG-63 cells interacted 

with all scaffolds. Increasing the amount of Bre powder led to more cell stretching and proliferation on 

the outer surface of the scaffold. The attachment and spreading of the MG-63 cells on the composite 

scaffolds was considerably improved compared to the pure PLA scaffold. Furthermore, increasing the 

amount of Bre powder in the composite scaffolds demonstrates the ability of Bre powder to promote 

cell growth and differentiation on the surface of composite scaffolds. According to the results, a poor 

cell adhesion and proliferation in the pure PLA scaffolds is a result of its hydrophobic nature. Addition 

of Bre powder improved cell spreading on the surface of scaffold possibly due to the formation of Si-

OH groups and improved hydrophilicity of scaffolds. Some previous studies indicated that the silica 

groups in the ceramics containing Si ions provide negative charge groups of silanol because of the lower 

isoelectric point. Silanol groups with negative charges and low isoelectric point provide appropriate 

active binding sites for proteins during cell culture leading to improved cell proliferation and provide 

a desirable surface for cell growth [76]. The silanol groups of Bre ceramic can bind to different functional 
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groups, such as growth factors, and providing a favorable surface environment for cell growth and 

higher cellular activity [76]. Yi et al. [77] confirmed not only the release of calcium ions but also the 

release of Mg and Si ions from bredigite surface of scaffolds as essential nutrients for cell growth, which 

stimulate cell growth and differentiation, resulting in a higher proliferation rate. Therefore, the 

presence of Bre powder in the polymer-based composite scaffolds offers a suitable scaffold with 

appropriate biocompatibility. 

 

 
Fig.12. The viability of the MG63 cells grown on different PLA-Bre scaffolds after  3 and 7 days of 

culture (n ¼ 3) (*P < 0.05). b) SEM images of the MG63 cells seeded on pure PLA and nanocomposite 

PLA-Brescaffolds for 3 and 7 days. 

 

3.10. Alizarin Red Assay 

The Alizarin red assay is a distinct staining method used to evaluate calcium deposition on the surface 

of the extracellular matrix (ECM) [78]. This assay utilizes an organic compound that specifically stains 

(or identifies) mineralized components. Mineralization is a critical stage in the cell differentiation 

process of osteoblasts[79]. The absorbance intensity of the stained cell or tissue has a direct relationship 

with the minerals present in the ECM. This assay can investigate the scaffold's potential for bone tissue 

engineering and ECM deposition[78]. Calcium deposits on the scaffolds were evaluated on the 3rd and 

7th days (Fig. 13). With the addition of Bre from 10% up to 30% by weight, enhanced calcium deposition 

was observed compared to the pure PLA scaffold and control sample. The scaffold containing 20% Bre 

showed significantly higher values compared to the others (p < 0.001). On the 7th day, the scaffolds 

containing 20% and 30% Bre exhibited significantly higher calcium deposits compared to other groups 

(p < 0.001). However, no significant differences were observed between the scaffolds containing 20% 

and 30% Bre on the 3rd and 7th days (p > 0.05). 

PLA scaffolds coated with CaO-MgO-SiO₂-P₂O₅ based bioceramics have previously demonstrated 

significantly higher mineral mineralization compared to pure PLA [79]. This phenomenon can confirm 

the potential of akermanite in increasing the rate of cell differentiation [23]. The Si content in CaO-MgO-

SiO₂ based bioceramic structures can create calcification sites, which leads to the mineralization of the 

matrix [72,80]. Furthermore, the presence of Bre-Ca structure can stimulate cell differentiation and 

increase the mineralization rate [81]. Based on these results, Bre powder has a positive effect on calcium 

deposition during cell differentiation 

PLA 
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Fig 13. The colorimetric results of calcium staining obtained from the alizarin red assay related to the 

scaffolds containing (a) 0%, (b) 10 %, (c) 20 % and (d) 30 % of Bre on the 3 and 7 days. (*) p < 0.05, (**) 

p < 0.01 and (***) p < 0.001. 

 

3.11. ALP assay  

Alkaline phosphatase (ALP) is an active enzyme secreted by osteoblasts. It is also recognized as a 

suitable biomarker for osteoblast differentiation [78]. Figure. 14 illustrates the level of ALP expression 

for scaffolds containing varying amounts of Bre (from 0% to 30%) on the 7th day of cell culture. On the 

7th day, scaffolds containing 20% and 30% Bre presented significantly higher ALP expression than the 

pure PLA scaffold (p < 0.05). Furthermore, a significantly higher ALP expression was observed in the 

scaffold containing 20% Bre compared to the one with 10% Bre on the 7th day (p < 0.05). 

In addition, other studies have reported the positive effect of CaO-MgO-SiO₂-based bioceramics on 

ALP expression[82,72,83]. Specifically, electrospun PLA-based scaffolds containing CaO-MgO-SiO₂ 

bioceramics exhibited a significantly higher ALP level in comparison with the pure PLA scaffold[70]. 

Moreover, a study on polymeric sponge scaffolds reported that akermanite-containing scaffolds led to 

higher osteoblast differentiation compared to those lacking this bioceramic[83]. The presence of Si, Mg, 

and Ca in the Bre structure can increase cell activity, thereby elevating ALP activity[84]. These results 

indicate that Bre has a high potential to stimulate cell differentiation in bone tissue engineering 

applications. 

 

a) b) c) d) 
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Fig 14. ALP activity assay results on the 3rd and 7th days of cell culture for the scaffolds containing 

(a) 0%, (b) 10 %, (c) 20 % and (d) 30 % of Bre; (*) p < 0.05, (**) p < 0.01 and (***) p < 0.001. 

 

4.Conclusion 

In this study, PLA based composite scaffolds with different Bre contents (0, 10, 20 and 30 wt.%) and 

porous gradient architectures were designed and fabricated by the FDM technology. The effect of 

porosity gradient and Bre nanoparticles was assessed on the mechanical and biological properties of 

the scaffolds. The addition of Bre powder to polymer matrix enhanced the compressive strength as well 

as the elastic modulus. Moreover, the presence of Bre particles in the scaffold improved the 

biodegradable and bioactive properties of the scaffolds. It was seen that the MG-63 cells were well 

attached, grown, and proliferated on the Bre-containing scaffolds. The cell viability increased during 

the cell culture over time on the scaffolds, as the content of Bre increased. Increasing the Bre content up 

to 30 wt.% led to a significant increase in calcium deposition compared to the pure PLA scaffold (p < 

0.001). The results of ALP secretion on the 7th day for the scaffolds containing 20 % and 30 % of Bre was 

significantly higher than the pure PLA scaffold (0.05). 
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