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A B S T R A C T   

Biodegradability, bone-healing rate, and prevention of bacterial infection are critical factors for orthopedic 
implants. Polylactic acid (PLA) is a good candidate biodegradable material; however, it has insufficient me-
chanical strength and bioactivity for orthopedic implants. Magnesium (Mg), has good bioactivity, biodegrad-
ability, and sufficient mechanical properties, similar to that of bone. Moreover, Mg has an inherent antibacterial 
property via a photothermal effect, which generates localized heat, thus preventing bacterial infection. There-
fore, Mg is a good candidate material for PLA composites, to improve their mechanical and biological perfor-
mance and add an antibacterial property. Herein, we fabricated an antibacterial PLA/Mg composite for enhanced 
mechanical and biological performance with an antibacterial property for application as biodegradable ortho-
pedic implants. The composite was fabricated with 15 and 30 vol% of Mg homogeneously dispersed in PLA 
without the generation of a defect using a high-shear mixer. The composites exhibited an enhanced compressive 
strength of 107.3 and 93.2 MPa, and stiffness of 2.3 and 2.5 GPa, respectively, compared with those of pure PLA 
which were 68.8 MPa and 1.6 GPa, respectively. Moreover, the PLA/Mg composite at 15 vol% Mg exhibited 
significant improvement of biological performance in terms of enhanced initial cell attachment and cell prolif-
eration, whereas the composite at 30 vol% Mg showed deteriorated cell proliferation and differentiation because 
of the rapid degradation of the Mg particles. In turn, the PLA/Mg composites exerted an antibacterial effect based 
on the inherent antibacterial property of Mg as well as the photothermal effect induced by near-infrared (NIR) 
treatment, which can minimize infection after implantation surgery. Therefore, antibacterial PLA/Mg composites 
with enhanced mechanical and biological performance may be a candidate material with great potential for 
biodegradable orthopedic implants.   

1. Introduction 

Orthopedic implants are applied to support a damaged bone or 
substitute missing bone tissues [1–4]. The bone-healing rate of 

orthopedic implants is a critical factor for accelerating the recovery of 
patients and preventing the bone tissue destruction that may occur with 
insufficient healing [3,5]. In addition, the management of infectious 
bone defects has arisen as a great challenge in orthopedics, as infections 
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can impede local tissue and bone regeneration, thus delaying the healing 
process [6–8]. In particular, large bone defects pose a high risk of 
infection and, at the same time, are more challenging, with greater 
exposure to pathogens and open wounds, which are frequently present 
in the vicinity of orthopedic implants (such as internal fixation devices), 
contributing to higher infection rates [6,9]. Moreover, bacterial colo-
nization can impair the functionality of osteogenic cell, leading to 
delayed bone union or chronic osteomyelitis [10–13]. 

The conventional methods used for managing bone defects involve 
the control of infection and the restoration of the damaged bone [14]. 
However, the main concern is the control of infection, and the present 
clinical treatments include excision of the infected site, systemic 
administration of antibiotics, and usage of spacers infused with antibi-
otics for implantation [15–17]. However, delivering effective local 
antibiotic concentrations is challenging because of complications such 
as infection-induced vascular destruction and osteonecrosis [14]. 
Although localized delivery of antibiotics is possible with antibiotic- 
impregnated spacers, membrane induction may be needed for bone 
grafting and the spacers have to be removed in a secondary surgery after 
about 6 weeks [18–20]. Bone grafting or bone transport techniques may 
be utilized for bone defect repair only after the infection is under con-
trol. Autogenous bone, which is the most effective bone graft, has issues 
such as donor bone mass inadequacy and donor site complications [21]. 
Allogeneic grafts carry the risk of infection and immune rejection [22]. 
Although distraction osteogenesis-based bone transport is effective, it is 
a long process, typically lasting >10 months [23,24]. The traditional 
treatment with repetitive surgery–healing cycles is also time consuming, 
has numerous drawbacks, and is a burden to patients. As a result, 
developing bone substitutes that promote bone growth and prevent 
bacterial growth in a single step without requiring additional surgery 
would be a significant clinical achievement. 

The use of hyperthermia in antibacterial therapies draws inspiration 
from fever, which is a sign of immune activation against invading 
pathogens [25,26]. Recently, non-invasive antibacterial treatments 
using photothermal therapy via near-infrared (NIR) irradiation have 
gained popularity [27–29]. The NIR wavelength ranges from 700 to 
1300 nm, and it can achieve targeted photothermal treatment while 
minimizing the heating effects on normal tissues without the photo-
thermal agents [30–33]. Photothermal therapy is a promising antibac-
terial strategy because of its ease of use and on-demand response 
[34,35]. By applying photothermal agents to bone implants, NIR irra-
diation can be used to generate localized heat, which can ablate peri- 
implant pathogenic bacteria [28]. 

Metallic biomaterials are applied as orthopedic implant materials 
because of their excellent mechanical strength, which can withstand the 
loading pressures, and good biocompatibility [37–39]. However, a stress 
shielding effect can be triggered by the high mismatch between the 
elastic modulus of the metallic implant and that of the bone, which can 
result in the loosening of the implant from the surrounding bone tissue 
[40–44]. In addition, a second surgical intervention for the removal of 
the implant after full healing is achieved is necessary for non- 
biodegradable metallic biomaterials, which can be an additional 
burden to the patients. Therefore, biodegradable materials can be used 
as an alternative to non-biodegradable metallic materials, thus elimi-
nating the necessity for secondary surgery [45–47]. Biodegradable 
polymers, including polylactic acid (PLA), poly(L-lactide) (PLLA), poly 
(ε-caprolactone) (PCL), polyglycolide (PGA), and poly(lactide-co- 
glycolide) (PLGA), have been applied for the preparation of various 
biomedical implants [48–51]. Among the biodegradable polymers with 
elastic moduli similar to that of bone, PLA is non-toxic, has been 
approved by the US Food and Drug Administration (FDA), and possesses 
a high mechanical strength [52–54]. However, PLA exhibits insufficient 
mechanical strength for load bearing and a lack of cell affinity because of 
its hydrophobic surface characteristics, resulting in insufficient inter-
action with the bone tissue [53,55,56]. Moreover, PLA decreases the pH 
of the body fluids, whereas degradation occurs within the physiological 

environment, which can cause inflammatory reactions [53,57]. 
Magnesium (Mg), which is a biodegradable metal, is an essential 

element in the human body that plays an important role in human 
metabolism [58–60]. Mg has good bioactivity via the release of Mg2+

ions during its degradation, resulting in the acceleration of bone growth; 
therefore, it induces a better fixation of the implant to the surrounding 
bone tissue [61,62]. In addition, Mg has a high mechanical strength and 
an elastic modulus similar to that of bone compared with the other 
biometals [58–60] that are applied as composite reinforcers to improve 
the mechanical performance of the polymer matrix [55,58,63]. Mg has 
been used to reinforce PLA in low contents up to 7 wt% [63] or 15 wt% 
[55] which was limited by difficulty in uniform of high contents of Mg in 
PLA matrix. Moreover, Mg has an inherent antibacterial property 
because of the release of Mg2+ ions and the increase in the pH, which can 
effectively inhibit bacterial infection [64]. Furthermore, Mg presents the 
characteristics of absorbing laser light and generating heat, which can 
induce local hyperthermia, thus preventing bacterial infection. Thus, Mg 
is a good candidate as a reinforcer of the PLA matrix, to enhance its 
mechanical and biological performance and add a photothermal anti-
bacterial property [65–68]. 

Herein, we fabricated an antibacterial PLA/Mg composite via a high- 
shear mixing process for the homogeneous dispersion of high contents of 
Mg (15 and 30 vol%) in the PLA matrix, to enhance the mechanical and 
biological performance of the matrix; this composite would be a great 
potential material for the fabrication of biodegradable orthopedic im-
plants. The PLA/Mg composite exhibited improved compressive 
strength and stiffness together with a controlled degradation property. 
In addition, as shown in Fig. 1, the release of Mg2+ ions and the gen-
eration of a micro-roughness on the surface of the composite via the 
degradation of Mg enhanced the initial cell attachment and bioactivity 
of PLA, to promote bone growth. Furthermore, the PLA/Mg composite 
exhibited an antibacterial effect based on the inherent antibacterial 
property of Mg [64] and the generation of localized heat after the 
application of a NIR laser on the composite. Therefore, the antibacterial 
PLA/Mg composite fabricated here using a high-shear mixer may be a 
great candidate material for application in the fabrication of biode-
gradable orthopedic implants. 

2. Experimental section 

2.1. Fabrication of PLA/Mg composites 

2.1.1. Material preparation 
PLA pellets (Ingeo 4032D, Nature Works LLC, USA) and Mg powder 

(between 100 and 200 mesh, 99.6 %, Alfa Aesar, USA) were prepared to 
fabricate PLA/Mg composites. Mg powder was characterized by 
observing the morphology with scanning electron microscope (SEM, 
JSM 6360, JEOL, Japan) and confirming the chemical composition with 
X-ray diffraction (D8-Advance, BRUKER, Germany) with a Cu Kα source 
at a scan speed of 1◦/min. Irregular shape with average size of ~120 μm 
Mg particles were used as reinforcers (Fig. S1). PLA/Mg composite was 
fabricated in three different methods including dissolving method, 
melting method, and high-shear mixing method as shown in Fig. S2. 

2.1.2. Dissolving method 
Dissolving method was performed by dissolving PLA in dichloro-

methane (DCM, Sigma Aldrich, USA) with 40 w/v% and mixing Mg 
powder by 30 vol% of the amount of PLA dissolved in DCM. The solution 
was dried at 70 ◦C for 24 h to eliminate DCM. Dried PLA/Mg mixture 
was hot pressed using the metal mold with 12 mm in diameter by hand 
press machine (hydraulic unit model 3925, Carver, USA) at 170 ◦C with 
5000 N to fabricate cylindrical composite sample. 

2.1.3. Melting method 
Melting method was performed by melting PLA pellets at 180 ◦C in 

dry oven and mixing Mg powders in molten PLA. The molten PLA/Mg 
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mixture was immersed inside the metal mold and hot pressed in 
equivalent conditions with those of dissolving method. 

2.1.4. High-shear mixing method 
Lastly, high-shear mixing method was performed by homogeneously 

mixing molten PLA with Mg powder using a high-shear mixer at 180 ◦C 
and formed cylindrical composite sample using the metal mold and hot 
pressed as the prior methods. For characterization and evaluating me-
chanical and biological performances of PLA/Mg composite regarding to 
the contents of Mg, PLA/Mg composites with 15, and 30 vol% of Mg 
particles were fabricated by high-shear mixing method. 

2.2. Characterization 

The microstructures of pure PLA and PLA/Mg composites with 15, 
and 30 vol% of Mg were analyzed by observing the cross-section of the 
specimens with scanning electron microscope (SEM, JSM 6360, JEOL, 
Japan). The cross-section of PLA and PLA/Mg composites were obtained 
by cutting the specimen with low-speed diamond saw (No. 11–1280 
ISOMET, Buehler, USA), and the surface of the cross-section was pol-
ished using the abrasive SiC papers from 400 to 800 grit prior to the SEM 
imaging. To evaluate the uniformity of dispersion of Mg powder in PLA 
matrix we performed the quantitative analysis with the SEM images. We 
utilized ImageJ software [69] for the initial processing of our images. 
First, we removed the background with a radius setting of 25. This was 
followed by denoising the images via application of a Gaussian filter 

with a kernel size of one. Subsequently, the post-processed images were 
binarized, employing the Otsu algorithm as shown in Fig. S3. Next, we 
implemented the watershed algorithm to isolate the particles in the 
images. Following the particle isolation, we performed a particle anal-
ysis to extract the coordinates of the identified particles. Afterwards, we 
calculated the particle density by adding Gaussian distribution to each 
coordinates and multiplied with the particles area for the weighting and 
expressed particle density map and variance as shown in Fig. S3. In 
addition, the chemical structures of the PLA and PLA/Mg composites 
with 15 and 30 vol% were evaluated by Fourier transform infrared 
spectroscopy (FT-IR, VERTEX80v, BRUKER, USA). 

2.3. Mechanical behavior 

The mechanical behaviors of pure PLA and PLA/Mg composites with 
5, 10, 15, and 30 vol% were evaluated by compression tests using an 
Instron 5582 system (Instron, Norwood, USA) with a cross-head speed of 
1 mm/min. All specimens were processed into the size of 4 × 4 × 6 mm3. 
Three specimens of each conditions were examined. 

2.4. Degradation behavior 

The degradation behavior of the PLA and PLA/Mg composites eval-
uated by monitoring pH change of simulated body fluid (SBF) and 
examining the change of compressive strength of the specimens. Spec-
imens with the size of 12 mm in diameter and 12 mm length were 

Fig. 1. Schematic representation of the antibacterial PLA/Mg composite for use in biodegradable orthopedic implants.  
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immersed in 20 ml of SBF (prepared by the method proposed by Kokubo 
et al. [70]) at 37 ◦C and the pH was measured by a pH meter (Orion 3 
Star, Thermo Scientific, USA) at each time periods. Three specimens of 
each type were tested. Moreover, the Mg2+ ion release behavior was 
examined after immersion of PLA/Mg composites with a size of 12 mm 
in diameter and 1.5 mm length and by extracting SBF solution after 
predetermined time period. After extraction, specimens were transferred 
to fresh SBF solution. Mg2+ ion concentration of the extracted solution 
was measured with inductively coupled plasma atomic emission spec-
troscopy (ICP-AES, OPTIMA 8300, PerkinElmer, USA). Three specimens 
of each specimen conditions were tested. In addition, PLA and PLA/Mg 
composites with the size of 4 × 4 × 6 mm3 were immersed in SBF and 
specimens were taken out at each time periods and measured the 
compressive strength by compression tests with a cross-head speed of 1 
mm/min. Three specimens of each conditions were examined. Further-
more, surface morphologies PLA and PLA/Mg composites after degra-
dation in SBF were observed. The specimens were immersed in SBF for 5 
days and were taken out. The specimens were washed with deionized 
water (DI water) and dried before SEM observation. Surface morphol-
ogies were observed with SEM (S-4800, HITACHI, Japan). 

2.5. In-vitro biological evaluation 

2.5.1. In-vitro cell test preparation 
In-vitro biological behavior of pure PLA and PLA/Mg composites was 

evaluated with pre-osteoblast cell (MC3T3-E1, ATCC, CRL-2593, USA). 
Prior to in-vitro cell test, specimens were cleansed in 70 % ethanol and 
further sterilized by UV radiation for 30 min. The cells were cultured in 
an alpha minimum essential medium (α-MEM, Welgene Biotech Co., 
Ltd., Korea) supplemented with 10 % fetal bovine serum (FBS; Gibco, 
USA) and 1 % antibiotic antimycotic solution (AA; Sigma-Aldrich, USA) 
in a humid incubator with 5 % CO2 at 37 ◦C similar to previous article 
[71]. 

2.5.2. Initial cell attachment 
Morphology of attached cells was observed with SEM and inverted 

fluorescence microscope (ECLIPS Ti2; Nikon, Japan) after 1 day of cell 
seeding with the density of 3 × 104 cells ml− 1 on pure PLA, PLA/15Mg 
and PLA/30Mg with the size of 12 mm in diameter and 1.5 mm in 
height. The specimens for SEM observation were prepared by immersing 
the specimen in 2.5 % glutaraldehyde (Sigma Aldrich, USA) for 10 min, 
dehydrating in graded ethanol (70 %, 90 %, 95 %, and 100 % ethanol in 
sequence) and finally immersing in 1,1,1,3,3,3-hexamethyldisilazane 
(Sigma-Aldrich, USA) for 10 min. The specimens for fluorescent imag-
ing were prepared by immersing the specimen in 4 % paraformaldehyde 
solution for 10 min and washed twice with Dulbecco's phosphate buff-
ered saline (DPBS; Welgene Biotech Co., Ltd., Korea). The cells were 
permeabilized with 0.1 % Triton X-100 (Sigma-Aldrich, USA) diluted 
with DPBS for 5 min and then washed with DPBS two times. In order to 
block the nonspecific site, we used 1 % bovine serum albumin (BSA; 
Sigma-Aldrich, USA), followed by staining of the F-actin and nuclei of 
the cells with phalloidin (Alexa Fluor® 555 phalloidin, Molecular 
Probes, USA) and 4′,5-diamidino-2-phenylindole (DAPI; ProLong Gold® 
antifade reagent with DAPI, Invitrogen, USA), respectively. Further-
more, cell coverage (%) and amounts of cells per unit area (mm− 1) were 
evaluated by measuring the area of cells occupying the surface of the 
specimens and counting the number of cell nucleus, respectively, with 
fluorescent image data using ImageJ software. Four images of each 
conditions were analyzed to evaluate the cell coverage and amounts of 
cells per unit area. 

2.5.3. Cell proliferation 
Cell proliferation was evaluated by measuring the DNA amount of 

the cells cultured on the specimens with the size of 12 mm in diameter 
and 1.5 mm in height using a Cyquant cell proliferation assay kit 
(C7026, Invitrogen, Carlsbad, CA) after 3 and 5 days of seeding with the 

density of 2 × 103 cells ml− 1. After the predetermined culturing periods, 
the cells adhered on every exposed area of the sample were detached by 
treating 1 ml of trypsin-EDTA for 4 min. Subsequently, 1 ml of culturing 
medium was supplemented to neutralize trypsin-EDTA and cells were 
collected by centrifugation and removal of supernatant solution. 
Collected cells were treated using a 200 μl of fluorescent working so-
lution and the DNA amount of cells was evaluated using a hybrid multi- 
mode reader (Synergy H1, BioTek, USA). The excitation and emission 
wavelength during the measurement were 480 and 535 nm, respec-
tively. Three specimens of each conditions were tested. 

2.5.4. Cell differentiation 
Degree of differentiation was also assessed by alkaline phosphate 

(ALP) assay. MC3T3-E1 cells with concentration of 5 × 103 cells ml− 1 

were cultured on PLA, PLA/15Mg, and PLA/30Mg scaffolds with 12 mm 
in diameter and 1.5 mm in height. After 1 day of culturing, medium was 
changed by medium containing 10 mM of β-GP and 50 mg/ml of 
ascorbic acid. And the medium was refreshed every 3 days. At 7 days and 
14 days of culturing, attached cells were detached by trypsin-EDTA for 4 
min and collected through centrifugation at 1500 rpm for 5 min. Sub-
sequently, collected cells were treated using 0.1 % Triton X-100 and 
additionally centrifuged 14,000 rpm for 20 min at 4 ◦C. ALP activity was 
assessed by measuring absorbance at 405 nm utilizing a multiple plate 
reader (Victor3, Perkin Elmer, Germany). Three specimens for each 
conditions were used for the ALP activity evaluation. 

2.6. NIR-induced thermal evaluation 

Photothermal ability of pure PLA and PLA/Mg composites was 
evaluated by applying 808-nm NIR laser (OCLA; AMI, Korea). Prior to 
laser irradiation, 60 μl of DI water was loaded onto the prepared spec-
imens with the size of 8 × 8 × 1.5 mm3 to mimic wet condition. NIR 
radiation was applied with different power (200, 400, and 600 mW) and 
the thermal images acquired and temperature was measured using the 
thermal imaging camera (FLIR E54; FLIR Systems Inc., USA). 

2.7. Antibacterial effect evaluation 

Antibacterial property of the pure PLA and PLA/Mg composites were 
determined by colony counting method using gram-negative Escherichia 
coli (E. coli; ATCC 8739, Rockville, MD, USA) and gram-positive Staph-
ylococcus aureus (S. aureus; ATCC 6538, Rockville, MD, USA). Both of 
bacteria were cultured for 18 h by inoculation 50 μl of stock solution into 
3 ml of Luria–Bertani (LB) broth (BD Difco™, USA). Specimens with the 
size of 8 × 8 × 1.5 mm3 were sterilized using 70 % ethanol and 30 min of 
UV radiation. Subsequently, the specimens were fixed in the culture 
plate and subsequently 60 μl of prepared bacteria solution (1 × 108 CFU 
ml− 1 for E. coli and 1 × 104 CFU ml− 1 for S. aureus) was poured onto the 
specimens. After NIR radiation for 2 min with 400 mW of power, bac-
teria were cultured in a shaking incubator (SI-300R, Lab Companion, 
USA) at 200 rpm and 37 ◦C for 3 h. Succeedingly, attached live bacteria 
were detached from the specimen by vortex for 1 min in 3 ml of LB- 
broth. Obtained bacteria solution was diluted by 1/100 and 100 μl of 
the solution was spread on agar plate (LB agar, BD Difco™, USA) and 
incubated in humidified oven at 37 ◦C for 24 h. The average colony 
numbers of each E. coli and S. aureus were counted based on optical 
images taken by digital camera. Three specimens of each conditions 
were evaluated. 

2.8. Statistical analysis 

All quantitative data were statistically analyzed using IBM SPSS 
Statistics 26 (IBM, Armonk, NY, USA), and the data were expressed as 
the mean ± standard deviation. The statistical analysis was performed 
by a one-way analysis of variance with Tukey's post hoc comparison. The 
data were denoted with the following symbols, respectively: (*) for p- 
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values (probability) <0.05 (p < 0.05), (**) for p < 0.01, (***) for p <
0.005, and (****) for p < 0.001. 

3. Results and discussion 

3.1. Characterization 

We assessed the surface and cross-sectional morphologies of PLA/Mg 
composites with 30 vol% of Mg according to the fabrication methods, 
including the dissolution method, melting method, and high-shear 
mixing method (Fig. S2). Large pores were observed on the surface 
and inner cross-section of the PLA/Mg composite fabricated using the 
dissolving method (Fig. S3A and D). The pores were generated by the 
evaporation of the residual DCM solvent during the hot pressing pro-
cedure [72]. In turn, the PLA/Mg composites fabricated using the 
melting method and high-shear mixing method exhibited a dense 
structure without any pores or defects on the surface and inner structure 
of the specimens. In addition, the compressive strength of the pure PLA 
and PLA/Mg composites was examined, to assess the mechanical per-
formance of PLA/Mg composites according to the fabrication method, as 
shown in Fig. S4. The pure PLA material exhibited an average 
compressive strength of 68.8 MPa, whereas the average compressive 
strength of the PLA/Mg composite fabricated using the dissolution 
method decreased to 56.8 MPa, as shown in Fig. S4, because of the 
formation of pores formed inside the composite [73,74]. In contrast, the 
compressive strength of the PLA/Mg composite fabricated using the 
melting method and the high-shear mixing method was enhanced up to 
90.1 and 93.2 MPa, respectively; this reinforcement was afforded by the 
Mg particles inside the PLA matrix [75]. Although the PLA/Mg com-
posites fabricated using these two methods had a dense structure with 
enhanced mechanical strength, the composite that was fabricated using 
the melting method exhibited a non-uniform distribution of Mg particles 
inside the PLA matrix, which was caused by the agglomeration of Mg 
particles during the mixing of the molten PLA and Mg particles manually 
(Fig. S3). In turn, the Mg/PLA composite with 30 vol% of Mg fabricated 

using the high-shear mixing method had a dense structure with ho-
mogenous dispersion of Mg particles (Fig. S3). To confirm uniform 
dispersion of Mg powder in PLA matrix by high-shear mixing method, 
particle density map and variance was calculated as shown in Fig. S3. 
PLA/Mg composite fabricated by high-shear mixing method had less 
color density gradient and lower variance value which verify better 
uniformity of Mg dispersion. In addition, PLA/Mg composite fabricated 
by high-shear mixing method exhibited an enhanced mechanical 
strength (Fig. S4), which indicated that this method is suitable to 
fabricate PLA/Mg composites with a high content of the Mg reinforcer. 
As a result, PLA/Mg composites with 15 and 30 vol% of Mg were 
fabricated using the high-shear mixing method for further examinations, 
and were termed as PLA/15Mg and PLA/30Mg, respectively. 

Pure PLA, PLA/15Mg, and PLA/30Mg were fabricated in a dense 
cylindrical structure via the high-shear mixing method (Fig. 2A–C). We 
examined the cross-sectional morphologies of the pure PLA and PLA/Mg 
composites. Mg particles (shown in bright contrast) were homoge-
neously dispersed inside the PLA matrix, and defects or pores were not 
observed inside the composites (Fig. 2D–F), which indicates that the 
high-shear mixing method should be the preferred method to fabricate 
PLA/Mg composites with a high content of Mg particles. Furthermore, 
chemical structure of PLA/Mg composites was evaluated with FT-IR 
spectroscopy (Fig. S5). Pure PLA exhibited peaks related to stretching 
frequencies for -CH3 asymmetric, -CH3 symmetric, C––O, and C–O at 
2997, 2947, 1746, and 1080 cm− 1, respectively, and bending fre-
quencies for CH3 asymmetric and -CH3 symmetric, at 1450 and 1361 
cm− 1, respectively, which are representative peaks of PLA [76]. PLA/Mg 
composite showed similar peaks to those of pure PLA, confirming no 
significant deterioration of chemical structure of PLA and PLA/Mg 
composites during heating and Mg incorporation procedures. 

3.2. Mechanical behavior 

We performed a compressive test to confirm the mechanical behav-
iors of the pure PLA and PLA/Mg composites. The compressive- 

Fig. 2. Morphologies of the PLA/Mg composites. Optical microscopy (upper panel) and cross-sectional SEM (lower panel) images of (A, D) pure PLA, (B, E) PLA/ 
15Mg, and (C, F) PLA/30Mg. 
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stress–strain curves of the pure PLA and PLA/Mg composites were 
examined, as shown Fig. 3A. The PLA/Mg composites exhibited a ductile 
behavior similar to that of pure PLA, despite the mixing of a high content 
of Mg accompanied by the heat treatment during the high-shear mixing 
and hot-pressing procedure, which may result in brittle PLA composites 
[77]. Pure PLA had an average compressive strength of 68.8 MPa, 
whereas PLA/15Mg and PLA/30Mg exhibited an enhanced compressive 
strength up to 107.3 and 93.2 MPa, respectively. The lower average 
compressive strength of PLA/30Mg compared with PLA/15Mg was 
attributed to the poor affinity of Mg to PLA, which has an adverse effect 
on the mechanical strength at high levels [55]. The stiffness of the pure 
PLA was measured as being 1.6 GPa, whereas stiffness of PLA/15Mg and 
PLA/30Mg increased up to 2.3 and 2.5 GPa, respectively. The increased 
stiffness of the Mg/PLA composite may accelerate osteogenesis, thus 
potentially providing a more appropriate micro-environment for oste-
oblasts [78]. In addition, mechanical behavior of PLA/Mg composites 
with lower amounts of Mg, 5 and 10 vol%, were examined to confirm the 
effect of Mg reinforcer (Fig. S5). Compressive strength and stiffness of 
PLA/5Mg and PLA/10Mg had a slight increase to 78.2 and 87.4 MPa, 
and 1.9 and 2.1 GPa, respectively compared with pure PLA, showing 
lower improvement compared with higher contents of Mg reinforcer (15 
and 30 vol%). 

3.3. Degradation behavior 

The degradation behaviors of the pure PLA and PLA/Mg composites 
were evaluated by immersing each specimen in a simulated body fluid 
(SBF). At each time point, the pH of the solution was measured to 
analyze the pH variance of the SBF caused by the degradation of PLA and 
Mg (Fig. 4A). PLA showed almost no pH change, whereas in the PLA/Mg 
composites, the pH increased because of the degradation of Mg, which 
generated OH− ions in the SBF [61,62,64]. The pH of the SBF increased 
rapidly up to 9.5 after 5 days of immersion of PLA/30Mg in the SBF, 
whereas PLA/15Mg immersion yielded a gradual increase in pH up to 
8.5 after 5 days, because of the lower amount of Mg exposed at the PLA 
surface, as shown in Fig. 2E. Moreover, the concentration of Mg2+ ions 
which is one of the byproducts of Mg degradation was measured to 
evaluate the release behavior of Mg2+ ion (Fig. 4B). Similar with that of 
the pH variation, more amount of Mg was released from PLA/30Mg 
compared to the PLA/15Mg indicating that more amount of Mg were 
degrading from PLA/30Mg composites. In addition, the mechanical 
strength of the PLA/Mg composites was measured at each time point 
after the immersion of the specimens in the SBF as shown in Fig. 4C. 
PLA/30Mg showed a rapid decrease in compressive strength, to 67.2 
MPa, after only 3 days of immersion, and decreased to 44.7 MPa (48 % 
decrease) after 5 days of immersion in the SBF because of the rapid 
degradation of Mg, which led to the formation of pores and defects [63]. 

In contrast, PLA/15Mg exhibited a gradual decrease in mechanical 
strength, to 78.0 MPa (27 % decrease), after 5 days, which indicated a 
great potential for application in biodegradable orthopedic implants. 
Furthermore, after 5 days of immersion in SBF, surface morphologies of 
PLA, PLA/15Mg, and PLA/30Mg were observed. There was no signifi-
cant difference at the surface of PLA after 5 days of immersion in SBF, 
however, for PLA/Mg composites calcium phosphate (CaP) was 
observed on the surface of the composites which was formed by super-
saturation during the increase in pH of SBF solution [79]. Moreover, 
microroughness formed on the surface of the composites with the 
degradation of Mg particles, which can enhance osseointegration [80]. 
However, PLA/30Mg showed cracks on the PLA surface which affected 
severe decrease in mechanical performances as shown in Fig. 4C. 

3.4. In-vitro biological behavior 

The initial cell-attachment morphologies of pre-osteoblast cells on 
pure PLA, PLA/15Mg, and PLA/30Mg were observed using SEM and an 
inverted fluorescence microscope after 1 day of cell culturing (Fig. 5A). 
All specimens exhibited a non-toxic behavior; however, lower amounts 
of cells were observed on PLA with a relatively linear morphology 
compared with the PLA/Mg composites. Higher amounts of cells with 
well-spread morphologies were observed on PLA/Mg composites, with 
cells tending to adhere near the Mg particles exposed on the surface of 
the PLA/Mg composites. In addition, the initial cell-attachment behavior 
of pure PLA and the PLA/Mg composites was evaluated quantitatively 
based on cell coverage (%) and cell count per unit area (mm− 1) using 
fluorescent images of the initial cell attachment. PLA/15Mg and PLA/ 
30Mg exhibited a 1.98-fold and 1.66-fold increase in cell coverage, 
respectively, and a 1.74-fold and 1.53-fold increase in the amount of 
cells, respectively, compared with the pure PLA. The initial cell- 
attachment results indicated an enhanced bioactivity for the PLA/Mg 
composites compared with pure PLA, which was attributed to the release 
of Mg2+ ions as shown in Fig. 4B and the micro-roughness afforded by 
the PLA/Mg composites via the degradation of Mg particles on their 
surface as shown in Fig. 5A, thus affecting the attachment of pre- 
osteoblast cells [55,63]. 

The proliferation and differentiation of pre-osteoblast cells were 
evaluated using a DNA assay and ALP activity assay after culturing the 
cells on pure PLA and PLA/Mg composites for 3 and 5 days, and 7 and 
14 days, respectively (Fig. 6). The PLA/15Mg composite exhibited a 
higher density of cells on the specimen compared with pure PLA. 
However, despite the good initial cell attachment onto PLA/30Mg, the 
amounts of attached cells were lower than those observed for the PLA/ 
15Mg, and even lower than those of the pure PLA. In addition, PLA/ 
15Mg exhibited a similar ALP activity to that of pure PLA after 7 and 14 
days of cell culturing, whereas the ALP activity of PLA/30Mg was 

Fig. 3. Mechanical behavior of the PLA/Mg composites. (A) Compressive stress strain curve and (B) average compressive strength and stiffness of the PLA/Mg 
composites according to the volume ratio of Mg (*p < 0.05 and ***p < 0.005). 
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Fig. 4. Degradation behavior of the PLA/Mg composites. Variance of (A) the pH and (B) Mg2+ concentration of the SBF and (C) the average compressive strength of 
the PLA/Mg composites after the immersion of the specimens in the SBF (**p < 0.01 and ***p < 0.005). Surface morphologies of (D, G) PLA, (E, H) PLA/15Mg, and 
(F, I) PLA/30Mg after 5 days of immersion in SBF (upper panel: low magnification, bottom panel: high magnification). 

Fig. 5. Initial cell-attachment behavior of the PLA/Mg composites. (A) Representative SEM and fluorescence images of the initial cell-attachment morphology and 
(B) cell coverage and amounts of cells per unit area after 24 h of culturing pre-osteoblast cells (MC3T3-E1) on pure PLA and PLA/Mg composites (*p < 0.05, **p <
0.01, and ***p < 0.005). 
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deteriorated after 14 days of culturing. Compared with the initial cell- 
attachment behavior, which was achieved in a short period, cell pro-
liferation and differentiation exhibited a different tendency because of 
the change in the cell medium in the closed cell system during the long 
period of evaluation. PLA/15Mg showed a relatively mild environ-
mental change, which afforded a cell-favorable effect that resulted in the 
preferred proliferation and differentiation of the pre-osteoblast cells. 
However, for PLA/30Mg, the rapid H2 evolution and pH increase 
(Fig. 4A) during the long period of culturing in the closed cell system had 
an adverse effect on stable cell proliferation and differentiation [81,82]. 

3.5. Photothermal antibacterial activity 

The idea of the “race to the surface” has been proposed to underscore 
the competition between bacterial cells and host cells for the surfaces of 
implanted biomaterials, because of the high risk of bacterial infection 
associated with implants [83]. The successful integration of implants 
into surrounding tissues is critical for preventing bacterial colonization 
and biofilm formation. Moreover, persistent infection after implantation 
may weaken the immune response and reduce the ability of neutrophils 
to destroy bacteria, resulting in immune evasion. Therefore, it is crucial 
to develop a preventive strategy to maintain an effective barrier against 
microorganisms after surgery. Using a photothermal therapy approach, 

Fig. 6. Bioactivity of the PLA/Mg composites. (A) Cell proliferation and (B) ALP activity of MC3T3-E1 on pure PLA and PLA/Mg composites after culturing for 3 and 
5 days, and 7 and 14 days, respectively (*p < 0.05, **p < 0.01, and, ***p < 0.005). 

Fig. 7. Photothermal effect of the PLA/Mg composites. Monitoring of temperature elevation in (A) pure PLA, (B) PLA/15Mg, and (C) PLA/30Mg according to the 
power of the 808-nm NIR laser. (D) Thermal images and (E) temperature variance of the PLA/Mg composites after irradiation with a NIR laser at 400 mW. 
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we anticipate that PLA/Mg composites combined with NIR treatment 
will be able to inhibit bacterial colonization. 

The photothermal effect of the pure PLA and PLA/Mg composites 
was evaluated by applying a near-infrared laser at 808 nm with different 
powers of 200, 400, and 800 mW (Fig. 7). The temperature of the pure 
PLA remained constant, regardless of the laser power, indicating a lack 
of photothermal effect for the pure PLA, as shown in Fig. 7A and D. In 
contrast, temperature of the PLA/15Mg and PLA/30Mg composites 
increased after the application of NIR irradiation, indicating a photo-
thermal effect for these composites. In addition, as the power of the NIR 
laser increased, the temperature and rate of the temperature change 
increased, as shown in Fig. 7B and C. The photothermal effect is induced 
by the absorption of the laser light and its conversion to heat; however, 
the pure PLA does not have the ability to change the absorbed laser light 
to heat, which indicates the lack of heat generation by applying NIR 
irradiation [84,85]. In turn, Mg particles can transform the absorbed 
laser light into heat, which can increased the temperature by generating 
localized heat for the PLA/Mg composites [66]. We compared the 
photothermal effect of the specimens using a NIR laser at 400 mW. The 
temperature of PLA with 30 vol% of Mg increased faster and to a higher 
level (up to 50 ◦C) compared with PLA/15Mg, which increased up to 
45 ◦C (Fig. 7E). 

The antibacterial effects according to the Mg content and NIR 
application were analyzed using Escherichia coli, which are a represen-
tative Gram-negative bacterium, and Staphylococcus aureus, which is a 
representative Gram-positive bacterium (Fig. 8). The two bacteria were 

cultured in agar plates. The specimens were treated without or with the 
NIR laser. After the appropriate incubation time, the specimens were 
detached, optical images were captured (Fig. 8A and C), and the average 
colony number was counted (Fig. 8B and D). Fig. 8A and B shows the 
result obtained for E. coli, and Fig. 8C and D shows the results obtained 
for S. aureus. Before NIR treatment, PLA with Mg yielded fewer colonies 
of both bacteria because of the release of Mg2+ ions and the increase of 
the pH [64], which was reflected in the pH change observed during the 
Mg degradation (Fig. 4A). Furthermore, the application of the NIR laser 
at 400 mW generated localized heat for the PLA/Mg composites, as 
shown in Fig. 7D and E, resulting in a dramatic decrease in the number 
of colonies of the bacteria. NIR induces local heat generation from Mg 
particles which causes lysis of the bacterial membrane, and inactivation 
of essential proteins and enzymes of the bacteria [86–88]. This can avoid 
the concern of bacteria resistance and target the infected region which 
can minimize the adverse effect to surrounding tissues. Therefore, the 
PLA/Mg composites can prevent the initial infection via the inherent 
antibacterial effect of Mg, and can suppress the expansion of the infec-
tious area via a photothermal effect after the implantation surgery, 
which is in alignment with recent studies for efficient antibacterial ef-
fects by applying multiple antibacterial pathways [89]. This indicates 
the potential of the PLA/Mg composite for antibacterial biodegradable 
orthopedic applications. 

Fig. 8. Antibacterial effect of the PLA/Mg composites. (A) Optical images and (B) average colony number of E. coli; and (C) optical images and (D) average colony 
number of S. aureus cultured on agar plates after detachment from PLA/Mg composites with and without 808-nm NIR radiation (**p < 0.01, *** p < 0.005, and **** 
p < 0.001). 
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3.6. Antibacterial PLA/Mg composite for the production of biodegradable 
orthopedic implants 

The PLA/Mg composite is a great candidate material for the pro-
duction of biodegradable orthopedic implants, as it showed enhanced 
mechanical and biological performance with antibacterial properties 
compared with pure PLA—a commonly used biodegradable polymer. 
Mg particle mixed with PLA afforded an inherent antibacterial property 
by releasing Mg2+ ions and causing a high alkalinity, which is triggered 
by the release of OH− ions during the degradation of Mg [64]. Moreover, 
the Mg particle is a photothermal agent that can generate localized heat 
via the application of near-infrared (NIR) irradiation, to prevent infec-
tion at the wound site after the implantation. In addition, Mg2+ ions are 
released during the degradation of Mg, and a micro-roughness and pores 
form on the surface of the PLA/Mg composite, which can improve cell 
attachment and accelerate bone growth on the surface of the implant. 
Consequently, the occurrence of Mg degradation in the composite im-
proves the fixation of the implant to the surrounding bone tissues 
[63,90] compared with the pure PLA implant. 

4. Conclusions 

We fabricated an antibacterial Mg/PLA composite with homoge-
neous dispersion of Mg particles using the high-shear mixing method. 
The composite exhibited an enhanced mechanical and biological per-
formance. Using homogeneously dispersed Mg as a reinforcer in the PLA 
matrix, the compressive strength and stiffness were enhanced; however, 
the mechanical strength deteriorated in the presence of an excessive 
amount of Mg (>30 vol%), because of the poor affinity between Mg and 
PLA. Moreover, the degradation rate of PLA/Mg could be controlled by 
adding Mg which has a faster degradation rate compared to PLA; in 
particular, PLA with 15 vol% of Mg showed a suitable degradation 
performance by exhibiting a gradual decrease in mechanical strength 
and gradual pH increase. This indicates the potential of the Mg/PLA 
composite for eliminating secondary surgery and maintaining the 
structure and strength of the material until the full healing of the sur-
rounding tissue in orthopedic applications. In addition, the PLA/Mg 
composite with 15 vol% of Mg exhibited an improved biological per-
formance, as indicated by the enhanced initial cell attachment and 
proliferation with moderate differentiation activity, which suggests the 
enhancement of the osteoconductivity and corresponding improved 
fixation to the surrounding bone tissue, for orthopedic applications. 
Furthermore, the PLA/Mg composite exhibited an antibacterial effect 
based on the inherent antibacterial property of Mg, which is mediated by 
the release of Mg2+ ions and the induction of an alkaline environment, 
together with the localized heat generated after NIR treatment; this may 
prevent infection after the surgery. The PLA/Mg composites exhibited a 
multi-functional performance based on their enhanced mechanical 
properties and bioactivity accompanied by a photothermal antibacterial 
effect. Therefore, the advanced PLA/Mg composite is a potential mate-
rial for biodegradable orthopedic implants. 
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