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Abstract - Poly(lactic acid) (PLA) is a biodegradable polyester that has been exploited for bone tissue engineering. The 

incorporation of bioactive compounds such as SiO2, MgO, and β-tricalcium phosphate (TCP) aimed to accelerate cell 

proliferation, improving the material's ability to regenerate in vivo tissues. We modified a PLA-TCP composite (90 

wt%-10 wt%) with 1, 5, and 10 wt% of SiO2 and MgO, separately. Filaments were prepared in the melted state using a 

twin-screw extruder and used to print scaffolds by fused filament fabrication (FFF). The modification with SiO2 leads to 

similar thermal and rheological behavior of neat PLA and PLA-TCP, while the incorporation of MgO induced the 

degradation of the polymeric matrix, causing a decrease of the crystallinity and the viscosity of the material. The 

scaffolds manufactured by 3D printing presented homogenous dispersion of the additives into the PLA, reproducible 

structure, and appropriate mechanical properties for bone replacement.  
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Introduction 

Poly (lactic acid) (PLA) is one of the most promising biodegradable synthetic polymer for 

tissue engineering due to its excellent biocompatibility and mechanical properties [1]. PLA 

decomposes by the hydrolysis of the ester skeleton, resulting in the formation of non-toxic 

monomers that are absorbed by the human body [1]. Recent studies revealed that incorporating 

calcium-containing additives, such as β-tricalcium phosphate (TCP), has imparted bioactivity to 

PLA, increasing the proliferation of cells. Other additives that have been exploited to increase the 

bioactivity of polymeric materials are MgO and SiO2. Magnesium plays an important role in the 

structure and density of bone apatite and consequently in the mechanical properties of bone [2]. Mg 

ions are also important in mediating cell-extracellular matrix interactions through the activation of 

alkaline phosphatase and the activation of integrins. Mg2+ divalent ions (as well as Ca2+) initiate the 

conformational activation of integrins for ligand binding, thus influencing cellular functions such as 

fixation, proliferation, and migration [2]. Silicon is essential for metabolic processes, formation, and 

calcification of bone tissue, in addition to increases bone mineral density and stimulates collagen 

formation and osteoblastic differentiation [3].  

Here, we investigated the influence of SiO2 and MgO in a PLA-TCP (90 wt%-10 wt%) 

matrix and the viability to prepare these composites by 3D printing. Using traditional methods for 

the manufacture of PLA-based materials, such as extrusion, injection molding, stretch blow 

molding, film casting, thermoforming, foaming, and electrospinning, it is hard to control the pore 

size and structure of the scaffolds [4]. Additive manufacturing (AM) technologies, such as fused 

filament fabrication (FFF, also known as fused deposition modeling – FDM) used in this work, do 

not use toxic organic solvents and allow excellent control of the scaffold architecture, enabling to 

mimic the native tissue and leading to higher biocompatibility and reproducible results [5].  
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Experimental 

Poly(lactic acid) was acquired from NatureWorks, β-tricalcium phosphate (4 μm 

microparticles) from FLUIDINOVA, and MgO (~ 325 mesh powder) and SiO2 (~ 325 mesh 

powder) from Alfa Aesar. The PLA-TCP composite (90 wt%-10 wt%) was modified with 1, 5, and 

10 wt% of SiO2 and MgO, separately.  

The filaments were manufactured in a co-rotating twin-screw extruder (MT19TC, B&P 

Process Equipment, and Systems) using a screw speed of 30 rpm. The temperature range was 160 – 

175 oC, and the filament diameter was 1.75 ± 0.10 mm. Prior to scaffold fabrication, it was designed 

in the Solidworks software with cylindric shape, 8 mm of diameter, 3 mm of height, 300 µm of pore 

size, and 0/90 pattern, and then sliced with the Slic3r software. The scaffolds were printed by fused 

filament fabrication (FFF), using a Sethi3D S3 printer with Repetier-Host software and nozzle size 

of 400 µm. The printing temperature for pure PLA, PLA-TCP, and SiO2 containing samples was 

175 oC, and for MgO-containing samples was 160 oC.   

Differential scanning calorimetry (DSC) analyses were undertaken in a TA Instruments 

equipment (DSC Q2000), using 7 mg of filament and nitrogen atmosphere. Thermogravimetric 

analyses (TGA) were performed in a TA Instruments equipment (Q50), using 7 mg of filament and 

nitrogen gas. 

The rheological behavior of the pure PLA and the composites was evaluated in both steady 

and dynamic state (AR-G2 stress-controlled rheometer, TA Instruments) under nitrogen 

atmosphere. The steady-state rheological characterization was assessed from 0.01 to 100 s-1, at 175 

°C for PLA, PLA-TCP and PLA-TCP-SiO2 composites, and at 160 °C for the composites with 

MgO. The oscillatory study was performed at the same temperatures and within the linear 

viscoelasticity range. 

Scanning electron microscopy (SEM) was performed in a Philips XL-30 FEG equipment to 

determine the architecture of the scaffolds. In parallel, the distribution of the additives within the 

PLA matrix was evaluated by energy-dispersive X-ray spectroscopy (EDS). 

Compression tests were performed on the scaffolds, using an Instron universal testing 

machine (5569), with a load cell of 500 N, pre-load of 1 N, and speed of 1.3 mm min-1. The data 

were acquired and analyzed with Bluehill 2.15 software.  

 

Results and Discussion 

SiO2 and MgO were incorporated in a PLA-TCP (90 wt%-10 wt%) matrix, and the filaments 

were used to manufacture scaffolds by 3D printing for bone tissue engineering (Fig. 1). SEM-EDS 

of the printed scaffolds shows that the materials are suitable for 3D printing, yielding scaffolds with 

a controllable and reproducible structure. EDS mappings confirmed the efficient distribution of the 

additives within the polymeric matrix. The pore sizes of 300 µm are within the desired range for 

bone cell proliferation of 150-500 µm [6]. 
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Figure 1 –Experimental procedure and SEM-EDS of the scaffolds 

 

The addition of SiO2 did not significantly influence the thermal properties of the PLA-TCP 

matrix, keeping the values of Tonset, Tg, Tc, and Tm practically constant; however, the degree of 

crystallinity of the material decreased from 1.08 (PLA-TCP) to up to 0.30 (PLA-TCP-10% SiO2), 

probably due to the hindering of the packaging/arrangement of the polymeric chains (Fig. 2a-b). 

The addition of MgO led to a greater impact on the thermal properties, with a decrease in the Tonset 

(from 339 oC for PLA-TCP up to 225 oC for PLA-TCP-10% MgO), in the Tg (from 60.2 oC for 

PLA-TCP up to 53.5 oC for PLA-TCP-10% MgO) and the deletion of Tc and Tm due to the absence 

of crystalline regions in the polymer. 

The mechanical properties of the scaffolds were evaluated by compression tests. The pure 

PLA scaffold presented an elastic modulus of 73 ± 7 MPa and the PLA-TCP of 83 ± 8 MPa (Fig. 

2c). The incorporation of SiO2 and MgO in different concentrations (1, 5, and 10%) did not 

significantly influence the mechanical properties, keeping the elastic modulus above the minimum 

value appropriate for use in bone tissue engineering (> 50 MPa). 

Both storage and loss moduli (Fig. 2d-e) of the composites with 5 and 10 wt% of MgO 

strongly increased compared to neat PLA and PLA-TCP, indicating a good level of interaction 

between MgO particles and the PLA macromolecules. At low oscillation frequencies, PLA-TCP-

5%MgO and PLA-TCP-10%MgO behaved as solid (G'> G") even in the melt state (pseudo-solid 

behavior). This behavior was not observed in the other compositions. From the results of steady-

state measurements (Fig. 2f), both composites showed an increase in viscosity at low shear rates 

compared to neat PLA (~ 20 x) and PLA-TCP (~ 10 x). The increase of MgO content increases the 

surface area for interactions between particles and macromolecules, increasing the viscosity. On the 

other hand, the presence of SiO2 did not change the viscosity, loss, and storage moduli (oscillatory 

state), probably due to a poor interaction with the polymer chains. As observed in SEM-EDS 

micrographs (Fig. 1), the composite with 10 wt% of SiO2 tends to show slightly larger agglomerates 

than the composite with the same amount of MgO, which is a result of these differences in 

interactions between particles and polymer matrix. 
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Figure 2 – (a) TGA, (b) DSC, (c) elastic modulus obtained from compression test, (d) storage modulus 

vs. frequency, (e) loss modulus vs. frequency, and (f) viscosity vs. shear rate.  

 

Conclusions 

We demonstrated the feasibility of incorporating SiO2 and MgO in the PLA-TCP composite 

to improve bioactivity for bone tissue regeneration. Although the addition of MgO leads to 

modification of the thermal and rheological properties, it was possible to produce scaffolds by 3D 

printing with reproductive structure and adequate mechanical properties. The compositions 

containing SiO2 presented thermal, rheological, and mechanical behavior similar to neat PLA and 

PLA-TCP composite, also leading to appropriate scaffolds for bone regeneration. 
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