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A B S T R A C T   

The efficacy of polylactic acid (PLA)/Magnesium (Mg)-based materials for driving stem cells toward bone tissue 
engineering applications requires specific Mg surface properties to modulate the interface of stem cells with the 
film. Here, we have developed novel PLA/Mg-based composites and explored their osteogenic differentiation 
potential on human adipose stem cells (hASCs). Mg-particles/polymer interface was improved by two treatments: 
heating in oxidative atmosphere (TT) and surface modification with a compatibilizer (PEI). Different contents of 
Mg particles were dispersed in PLA and composite surface and bulk properties, protein adsorption, stem cell- 
PLA/Mg interactions, osteogenic markers expressions, and lipids composition profile were evaluated. Mg par
ticles were uniformly distributed on the surface and in the bulk PLA polymer. Improved and modulated particle- 
polymer adhesion was observed in Mg particle-treated composites. 

After 21 days in canonical growth culture conditions, hASCs on PLA/MgTT displayed the highest expression of 
the general osteogenic markers, RUNX2, SSP1, and BGLAP genes, Alkaline Phosphatase, type I Collagen, 
Osteopontin, and Calcium deposits. Moreover, by LC/MS QTOF mass-spectrophotometry lipidomic analysis, we 
found in PLA/MgTT-cells, for the first time, a remodeling of the lipid classes composition associated with the 
osteogenic differentiation. We ascribed these results to MgTT characteristics, which improve Mg availability and 
composite osteoinductive performance.   

1. Introduction 

Tissue engineering based on the combination of adult mesenchymal 
stem cells (MSCs) with biomaterials holds promise for bone tissue en
gineering applications [1–5]. Within these systems, MSCs provide the 
differentiated osteogenic cells and the release of trophic growth factors 

and biomolecules for establishing a bone regenerative environment 
[3,6], whereas the biomaterials provide the chemical-physical cues that 
stem cells sense and transduce in biochemical pathways to ensure stem 
cell adhesion, proliferation, morphology, and osteogenic differentiation 
[1–5]. 

Polylactic acid (PLA)/Magnesium (Mg)-based materials have 
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emerged as polymeric composites with high biomedical potential for 
bone tissue repairing, as they combine the PLA properties with the 
osteoconductive and osseointegration properties of Magnesium (Mg) 
[7,8]. 

Mg is one of the most abundant intracellular divalent cations and one 
of the essential metals in the human body. It is involved in over 300 
biological enzymatic reactions and plays a critical role in protein and 
nucleic acid production as well as in many other basic cellular functions 
[9,10]. In our contest, Mg is essential for bone health [11], because it 
stimulates the proliferation of osteoblasts [12] and is a cofactor of en
zymes involved in bone matrix synthesis [13], as well as in the ho
meostasis of hydroxyapatite crystals (a major constituent of bone) [11]. 
Moreover, the effect of Mg2+ ions on inducing osteogenic differentiation 
by upregulating Runt-related transcription factor 2 (RUNX2) gene 
expression [14], and the presence of Mg in the PLA polymer profoundly 
enhances mineralization and promotes osteogenesis [15] have been 
shown. 

Several authors have demonstrated a synergistic interaction between 
PLA and Mg [7]. In fact, while PLA inhibits the high rate of Mg degra
dation [16], Mg neutralizes the acid environment formed by PLA 
breakdown by-products, resulting in increased compatibility of cells 
generated by the release of Mg ions [8,17]. On the other hand, the 
interface microstructure of PLA could strongly affect the properties of 
the Mg-based composite films, reducing the interaction between the 
polymer and Mg [18]. 

Hence, the efficacy of the PLA/Mg composite toward biological 
target applications depends on the appropriate design of the polymer 
film, but also on the type of Mg used (e.g.: Mg ions, Mg particles, Mg 
alloys) [10,14,17,19,20] and foremost of the consequent surface 
composition and properties acquired by the polymer film where the 
metal was dispersed. In this regard, our group has demonstrated that the 
modification of Mg particles through a surface modifiers adsorption 
approach has a positive effect on the biodegradation of PLA/Mg films 
[20]. 

In this work, we explored the potential of novel Mg-based PLA 
composites for osteogenic differentiation of human adipose stem cells 
(hASCs). The composites were generated through the dispersion of Mg 
particles in PLA polymer by using a melt-based process and comparing 
two different surface modification approaches, consisting of thermal 
treatment and a physical encapsulation. We demonstrated that the 
abovementioned surface modification processes drive interfacial adhe
sion and dispersibility of Mg particles in the PLA polymer matrix. The 
best performance was obtained with thermal-treated Mg particles in PLA 
which trigger the expression of osteogenic markers at gene and protein 
levels and cause a remodeling in some lipid classes, resulting in the 
osteogenic differentiation of hASCs in the absence of soluble exogenous 
inductive molecules. 

2. Materials & methods 

2.1. Materials 

Polylactide (PLA) grade 2003D, having a specific gravity of 1.24 
g⋅cm− 3 and a melting flow rate (MFR, 210 ◦C, 2.16 kg) of 6 g/10 min was 
supplied by Nature Works. Magnesium (Mg) particles were supplied by 
Nitroparis®. Polyethylenimine (PEI), Mv 25,000, was supplied by Sigma 
Aldrich, Germany. 

2.2. Processing 

PLA-based composite films were developed by using Mg particles at 
weight content selected according to our previous works [7,21]. In 
particular, pristine and modified Mg particles will be used. In the 
following section, a detailed description of the treatments used for 
modifying the surface property of the particles, the composite process
ing methods and the characterization analysis were reported. 

2.2.1. Thermal treatment of Mg particles 
Pristine Mg particles were thermal-treated at 350 ◦C in air for 1 h. To 

study the effect of the selected temperature, the thermal-treated Mg 
particles (MgTT) were analyzed by using field emission scanning elec
tron microscopy (FESEM, Supra25Zeiss, Germany), infrared spectros
copy (FT-IR JASCO 615) in ATR mode and thermogravimetric analysis 
by TGA, Seiko Exstar 6300. 

2.2.2. Composite granules of PLA and Mg modified by PEI masterbatch 
The surfaces of the particles were modified by the adsorption of PEI 

dispersant in aqueous suspension and lately dispersed in a PLA solution 
using a colloidal mixing, under vigorous mechanical stirring and dried to 
obtain final composite granules, as previously reported [20]. Master
batch with Mg particles at 30 wt% in PLA matrix was developed and 
used for the composite film design. The microstructure of the master
batch granules was analyzed by scanning electron microscopy (SEM- 
FEG HITACHI S-4800, Japan). Thermal properties of the masterbatch 
were analyzed by differential scanning calorimetry (DSC- TA Q100 DSC 
equipment), through two different scans. The first heating (10 ◦C/min) 
determines the composite behavior and the polymer crystallinity after 
the PEI modification and the second heating (10 ◦C/min) was performed 
and studied once the thermal history was eliminated. As PLA studied 
does not crystallize from the melting state, the cooling scan was not 
analyzed. Materials were analyzed by comparing the glass transition, the 
cold crystallization and the melting temperatures. The crystallinity 
fraction (%Xc) was calculated using the cold crystallization enthalpy 
(ΔHcc) and the melting enthalpy (ΔHm) from the heating curves 
following the Eq. (1) where ΔHm

0 is the enthalpy of PLA with 100 % 
crystallinity (93.1 J/g). The crystallinity fraction was calculated taking 
into account the sample weight and the Mg %. 

Xc =
(ΔHm − ΔHcc)

wPLAΔHm
0 (1) 

Thermal degradation behavior of as-received PLA pellets and PLA/ 
Mg-PEI composite was determined by thermal degradation analysis 
(TGA- model TAQ500, EEUU), over the temperature range of 20–500 ◦C 
under argon atmosphere. Fourier transform infrared spectroscopy (FT- 
IR) was evaluated in diffuse reflectance modality. A Nicolet Avatar 360 
FTIR spectrometer was used operating in the 4000–400 cm− 1 spectral 
range with a resolution of 4 cm− 1. For each sample about 10 mg were 
mixed with potassium bromide (KBr) FTIR grade, that was used also as 
background reference. 

2.2.3. Processing of composite films 
Composite films based on different content and treatment of Mg 

particles were processed in a twin corotating screws microextruder (Dsm 
Explore 5&15 CC Micro Compounder). Films 35 mm wide and with a 
thickness ranging between 40 and 100 μm were obtained by coupling 
the extruder with a DSM Film Device and using the adequate cast film 
die. The temperature profile was set up at 180–190–200 ◦C in the three 
extruder heating zones and a screw speed of 120 rpm was used, mixing 
for 3 min. Two different Mg modifications were used to produce the 
PLA-based composite materials: the particles subjected to a thermal 
treatment (MgTT) and the particles subjected to a compatibilization 
treatment with PEI (MgPEI) and dispersed in a masterbatch in the same 
PLA. The masterbatch was properly dosed and mixed with the PLA 
matrix to obtain the selected Mg wt% contents. Finally, the MgTT and 
MgPEI were dispersed at 5 wt% and 10 wt% content in the PLA by 
microextruder. The final material formulations are reported in Table 1. 
The content of Mg particles was selected according to the literature 
[7,21]. The results were compared to the pristine Mg particles. 

2.3. Composite characterization 

2.3.1. Mechanical properties 
Mechanical characterization was performed at room temperature by 
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tensile tests method (ISO 527 Standard) with rectangular samples (100 
× 10 mm2) with a crosshead speed of 5 mm min− 1 and a load cell of 50 
N, in a digital dynamometer LR 30K Lloyd Instrument and the initial 
clamp gap was 50 mm. Tensile strength (σmax), strain at maximum 
strength (εσmax), and elastic modulus (E) were calculated by the stress- 
strain curves. 

2.3.2. Morphological analysis 
Morphological characterization was performed on cryo-fractured 

samples by field emission scanning electron microscope (FESEM Supra 
25, Zeiss, Germany). Samples were gold sputtered before the analysis. 

2.3.3. Thermal properties 
Thermal characterization was performed by differential scanning 

calorimeter (DSC) and thermogravimetric analysis (TGA). DSC tests 
were conducted by using a TA Instruments, Mod. Q200 from − 25 ◦C to 
200 ◦C at 10 ◦C⋅min− 1 under nitrogen flow rate, with two heating and 
one cooling scans. The first heating scan was used to erase all thermal 
history. TGA was performed by using a Seiko Exstar 6300 microbalance, 
in a nitrogen atmosphere (250 mL⋅min− 1 flow rate), from 30 ◦C to 
600 ◦C at 10 ◦C⋅min− 1. 

2.3.4. Contact angle 
The surface properties of PLA-based films were evaluated by dy

namic contact angle measurements, by using FTA1000 Analyser (USA) 
with the sessile drop method in air with HPLC-grade water. The effect of 
the presence Mg particles content, and surface modification on the 
wettability of polymeric composite films were studied by water contact 
angle (WCA) measurements and images. 

2.3.5. FT-IR spectroscopy 
Fourier transform infrared spectroscopy (FT-IR) was evaluated in 

diffuse reflectance modality. A Nicolet Avatar 360 FTIR spectrometer 
was used operating in the 4000–400 cm− 1 spectral range with a reso
lution of 4 cm− 1. For each sample about 10 mg were mixed with po
tassium bromide (KBr) FTIR grade, that was used also as background 
reference. 

2.3.6. Protein adsorption assay 
For protein adsorption assessments, a series of samples, respectively 

of bovine serum albumin (BSA, Sigma Aldrich, St. Louis, MI, USA), at the 
concentration of 2 mg/mL, heat-inactivated fetal bovine serum (FBS, 
Euroclone, Pero (MI), Italy) at the concentration of 2 % and 10 % 
respectively, and plasma from normal donors at the concentration 5 mg/ 
mL, were loaded on pristine PLA and composites films surfaces (PLA, 
PLA/5Mg, PLA/10Mg, PLA/5MgTT, PLA/10MgTT, PLA/5MgPEI and 
PLA/10MgPEI). According to our previous works, proteins were incu
bated at 37 ◦C for either 30 min or 24 h [22,23]. After three washing 
steps in H2Od, the total protein content was measured by the Bradford 
method using the BSA, as a reference curve standard. A microtiter plate 
reader (ELISA Reader, GDV-DV990BV6, Roma, Italy) has been used to 
measure the absorption at 595 nm. Each sample was analyzed in three 
separate experiments, and the data reported are the mean value ± the 
standard error of the average of each group. 

2.4. Culture of adult stem cells on PLA and composite films 

2.4.1. Adipose stem cell culture 
Adult adipose stem cells were used to evaluate the interaction with 

PLA, PLA/5Mg, PLA/5MgTT and PLA/5MgPEI composite films. Exper
iments were conducted by using human adipose stem cells (hASCs), 
already available in our laboratories [24–27]. hASCS were cultured in 
the growth medium, RPMI-1640 (Euroclone, Pero (MI), Italy) supple
mented with 10 % of heat-inactivated FBS (Euroclone, Pero (MI), Italy), 
1 % L-glutamine (Euroclone, Pero (MI), Italy), 1 % penicillin/strepto
mycin, seeded in tissue culture flasks (TCP) and then incubated at 37 ◦C, 
5 % CO2. hASCs grow as adherent fibroblast-like cells and every three 
days the medium was changed [22,26]. 

2.4.2. Film sterilization and stem cell seeding 
Each film (PLA, PLA/5Mg, PLA/5MgTT and PLA/5MgPEI) was cut 

into squares (1 cm2) and sterilized through immersion in 70 % ethanol 
for 10 s, followed by three rinses in PBS, and then deposited in 24-well 
plate. The stem cell suspension of 1.5 × 103 cells was seeded dropwise, 
on sterilized film and then 500 μL of culture medium was gradually 
added. The cultures were incubated at 37 ◦C in a humidified atmosphere 
with 5 % CO2 and the medium was changed every three days. As an 
internal control, experiments were performed on stem cells seeded on 
glass coverslip (GC) and tissue culture polystyrene (TCP). The cell 
viability, morphology, and osteogenic differentiation of stem cells 
cultured on neat PLA and composite films were evaluated at different 
time points. 

To assess the effect of Mg released in the culture medium, we co- 
cultured hASCs with each film for 21 days on trans-well plates that 
separate stem cells and polymer film in the same culture system. In 
detail, the same stem cell number (1.5 × 103) was seeded on a 12-well 
plate with 500 μL of growth culture medium, whereas sterilized 
(1cm2) squares films were put into Millicell® Cell Culture Inserts 
(Sigma-Aldrich, St. Louis, MO, USA). The latter were placed within the 
12-well plate containing stem cells previously seeded. The cultures were 
incubated in the growth culture medium at 37 ◦C in a humidified at
mosphere with 5 % CO2 for 21 days of culture and the medium was 
changed every three days. 

2.4.3. MTT assay 
Stem cell viability on neat PLA and PLA/5Mg, PLA/5MgTT and PLA/ 

5MgPEI composite films were evaluated at different time points (3, 7, 
14, 21, and 30 days) with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide) (Sigma-Aldrich, St. Louis, MO, USA) 
assay, according to the manufacturer’s recommendation. As an internal 
control, parallel experiments were conducted by seeding stem cells on 
TCP. The interference effects of each polymer film snippet squares on the 
MTT assay were also considered without stem cells. The samples’ 
absorbance at 589 nm with a reference wavelength of 650 nm was 
measured using a microtiter plate reader (ELISA reader, GDV- 
DV990BV6, Roma, Italy). 

2.4.4. Osteogenic differentiation 
The osteogenic effect of Mg composite polymer films was evaluated 

by seeding hASCs on sterilized neat PLA and PLA/5Mg, PLA/5MgTT, 
and PLA/5MgPEI composite films, and culture in the growth medium. As 
an internal control, osteogenic differentiation of hASCs (CTR+) was 
achieved using hMSC differentiation basal medium supplemented with 
osteogenic SingleQuots™ (Lonza Walkersville, Inc., Walkersville, MD, 
USA): dexamethasone, L-glutamine, ascorbate, pen/strep, mesenchymal 
cell growth supplement (MCGS), and β-glycerophosphate. Untreated 
hASCs were cultured in the growth medium (CTR− ). All cultures were 
maintained for 21 days in a humidified incubator at 37 ◦C and 5 % CO2, 
and the culture medium was changed every three days. 

Table 1 
Material formulations.  

Material PLA (wt%) Mg (wt%) MgTT (wt%) MgPEI (wt%) 

PLA  100 – – – 
PLA/5Mg  95 5   
PLA/10Mg  90 10   
PLA/5MgTT  95 – 5 – 
PLA/10MgTT  90 – 10 – 
PLA/5MgPEI  95 – – 5 
PLA/10MgPEI  90 – – 10  
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2.4.5. Osteogenic differentiation assays 

2.4.5.1. Alizarin red staining and quantitative analysis. The staining was 
performed according to previous works [24,28]. Cells on PLA, and PLA/ 
5Mg, PLA/5MgTT, PLA/5MgPEI composite films, and on TCP (CTR+
and CTR− ) at day 21 of culture were rinsed with PBS, fixed in 4 % 
paraformaldehyde for 20 min and after washing in H2Od, were incu
bated with 500 μL of Alizarin red staining (Lonza Walkersville Inc., 
Walkersville, MD, USA) solution for 30 min at room temperature (RT). 
Cells were washed with distilled water and photos were captured with a 
Canon digital camera (PowerShot G10, Canon, Tokyo, Japan) and 
brightfield microscopy (Eclipse-TE2000-S, Nikon). 

Quantitative analysis of Alizarin Red Staining was performed ac
cording to the manufacturer’s instructions (Lonza Walkersville Inc., 
Walkersville, MD, USA) [28]. Briefly, Alizarin Red was extracted from 
stained cells in 400 μL 10 % acetic acid and incubated for 30 min by 
shaking, heated to 85 ◦C for 10 min, transferred to the ice for 5 min, and 
centrifuged at 20,000 ×g for 15 min. Colorimetric quantification of 
Alizarin Red extracted solution was measured using a microtiter plate 
reader (ELISA reader, GDV-DV990BV6, Roma, Italy) at 405 nm and 
absorbance was referred to Alizarin Red standards curve. 

2.4.5.2. Alkaline phosphatase staining. For Alkaline Phosphatase (ALP) 
staining, cells on PLA, and PLA/5Mg, PLA/5MgTT, PLA/5MgPEI com
posite films, and on TCP (CTR+ and CTR− ) were rinsed twice with PBS, 
fixed in 4 % paraformaldehyde for 20 min and after washing in H2Od 
were incubated with 500 μL of FAST BCIP/NBT (Sigma-Aldrich, St. 
Louis, MO, USA) substrate solution for 2 h at RT. All above samples were 
washed twice with distilled water and photos were captured with a 
Canon digital camera (PowerShot G10, Canon, Tokyo, Japan) and 
brightfield microscopy (Eclipse-TE2000-S, Nikon). 

2.4.6. Immunofluorescences 
Immunofluorescences were performed as previously described 

[28–30]. Briefly, cells on PLA, and PLA/5Mg, PLA/5MgTT, PLA/5MgPEI 
composite films, and on GC (CTR+ and CTR− ) were rinsed twice with 
PBS and fixed in 4 % paraformaldehyde for 20 min and, after PBS 
washing, permeabilized (PBS + FBS10%, 0.5 % Triton X-100) for 30 min 
at room temperature (RT) and incubated in blocking solution (PBS +
FBS 10 %, 0.1 % Triton X-100) for 1 h at RT. For stem cell morphology, 
samples were incubated for 20 min with phalloidin (Alexa-fluor-488 
phalloidin, Invitrogen, Grand Island, NY, USA) for the detection of F- 
actin, and overnight at 4 ◦C with anti-βTubulin primary antibodies 
(Elabscience, Houston, Texas, USA), followed by 1 h at RT with sec
ondary antibody Donkey anti-Mouse Alexa-Fluor595-nm conjugated 
(Invitrogen, Grand Island, NY, USA). 

To assess the osteogenic differentiation of hASCs cultured on PLA, 
and PLA/5Mg, PLA/5MgTT, PLA/5MgPEI composite films, samples 
were incubated overnight at 4 ◦C with the primary antibodies: antitype I 
Collagen (COL.1) (Chemicon International, Inc. Temecula, California, 
USA) and anti-Osteopontin (SPP1) (Sigma-Aldrich, St. Louis, MO, USA) 
followed by 1 h at RT with secondary antibody Donkey anti-Rabbit 
Alexa-Fluor488-nm conjugated (Invitrogen, Grand Island, NY, USA). 

Finally, after being washed with PBS, all samples were mounted and 
nuclei were counterstained with Vectashield® with DAPI (4,6-dia
midino-2-phenylindole; Vector Laboratories Inc., Burlingame, CA, USA). 
Immunofluorescences were evaluated by fluorescence microscope 
Eclipse-TE2000-S (Nikon, Tokyo, Japan) equipped with the F-View II 
FireWire camera (Soft Imaging System, Olympus, Germany). 

2.4.7. Real-time PCR 
Total RNA for gene expression analyses was purified from cells on 

PLA, and PLA/5Mg, PLA/5MgTT, PLA/5MgPEI composite films, and on 
TCP (CTR+ and CTR− ) at 21 days of the culture. For gene expression 
analyses, total RNA was extracted by using Real Genomics Total RNA 

Extraction Kit YRB 100 (RBC Bioscience) according to the manufac
turer’s instructions. The quality and concentration of purified RNA were 
evaluated by the Qubit RNA HS assay Kits (molecular probes, Invitrogen, 
Grand Island, NY, USA), using the RNA programme. Reverse transcrip
tion was carried out using 500 ng of total RNA, converted to cDNA using 
PrimeScript RT Master Mix (Perfect Real Time, Takara Bio INC.). Real- 
time RT-PCR was performed using the different primers (Table 2), and 
qPCR was performed using the TB Green® Premix Ex Taq™ (Tli RNase H 
Plus, Takara Bio INC.) kit as directed by the manufacturer. The ampli
fication conditions were optimized for the Step One Real-Time PCR 
system (Applied Biosystems) machine and assays were run in triplicate. 
The relative quantification of mRNA of each gene was determined by the 
comparative 2− ΔΔCτ method where the target is normalized with the 
GAPDH gene. The data are presented as the mean ± SD of three tech
nical replicates. 

2.4.8. FESEM analysis 
Stem cell–film interaction was evaluated by FESEM after 7 days of 

culture. Cells on PLA, PLA/5Mg, PLA/5MgTT and PLA/5MgPEI films 
were rinsed twice with PBS and fixed in 2.5 % glutaraldehyde for 30 min 
at RT then dehydrated by adding progressively more concentrated 
ethanol (5–100 % v/v) every 5 min and finally dried by the Critical Point 
machine (CPD, Emitech K850). Once dried, the samples were gold 
sputter coated before examination by FESEM (Supra 25 Zeiss) at an 
accelerating voltage of 5 kV. 

2.4.9. Lipid extraction and LC/MS QTOF analysis 
Lipid extraction of cells cultured on PLA, PLA/5Mg, PLA/5MgTT and 

PLA/5MgPEI and CTR− , CTR+, for 21 days was carried out using the 
method described by Pellegrino et al. with minor differences [31]. Each 
pellet was spiked with the same volume of freshly prepared MMC 
extraction mixture, prepared by mixing 1 mL of standard Splash Lip
idomix (Avanti Polar) diluted 1:10 in Methanol, 1 mL of Methyl tert- 
butyl ether and 1 mL of Chloroform. After vortexing, the samples were 
placed in a T-Shaker (Euroclone, Pero (MI), Italy) and processed for 20 
min at 1500 rpm and 20 ◦C. Afterward, the samples were then centri
fuged for 10 min at 13,000g at 4 ◦C and the supernatant was transferred 
to an autosampler vial and dried with a gentle stream of N2. The residue 
was resuspended with 100 μL of a 9:1 Methanol/Toluene solution and 
immediately subjected to LC/MS analysis. 

LC/MS analyses were carried out using the validated analytical 
method described by Koelmel et al. [32], adapted to the different 
instrumental configurations. Briefly, LC/MS QTOF analysis was per
formed using a 1260 Infinity II LC System coupled with an Agilent 6530 
Q-TOF spectrometer (Agilent Technologies, Santa Clara CA USA). Sep
aration was carried out on a reverse phase C18 column (Agilent Infin
ityLab Poroshell 120 EC-C18, 3.0 × 100 mm, 2.7 μm) at 50 ◦C and 0.6 
mL/min flow. The mobile phase consisted of a mixture of water (A), ACN 
(B), MeOH (C), and IPA (D) all containing a concentration of 10 mM 
ammonium acetate and 0.2 mM of ammonium fluoride except for ACN. 
Gradient was: time 0–1 min isocratic at A 27 %, B 14 %, C 24 %, D 35 %; 
time from 1 to 3.5 min: linear-gradient to A 12.6 %, B 17.2 %, C 27.2 %, 
D 43 %; time 3.5–10 min isocratic; time from 10 to 11 min: linear- 
gradient to A 0 %, B 20 %, C 30 %, D 50 %; time 11–17 min isocratic; 
time 17–17.1 min: linear-gradient to A 27 %, B 14 %, C 24 %, D 35 %; 
time 19 min: stop run. 

An iterative MS/MS acquisition mode on three technical replicates 

Table 2 
Primers used in the qRT-PCR.  

Primers Forward Reverse 

GAPDH TTAACTCTGGTAAAGTGGATATTGT GATCTCGCTCCTGGAAGA 
RUNX2 ATCTCCGCAGGTCACTACCA ACTGTGCTGAAGAGGCTGTTT 
BGLAP CACACTCCTCGCCCTATTG GGTCTCTTCACTACCTCGCT 
SPP1 TGAAACTGTGCCAGCCAAAC ACCCCCAAGGCAGCTCTATT  
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for each sample was used. The Agilent JetStream source operated as 
follows: Gas Temp (N2) 200 ◦C, Drying Gas 10 L/min, Nebulizer 50 psi, 
Sheath Gas temp: 300 ◦C at 12 L/min. MS/MS spectra were obtained 
using N2 at 30 V CE. 

Raw data were processed using MS-DIAL software (4.48) [33] to 
perform peak-picking, alignment, annotation, quantification, and po
larity amalgamation. Lipid annotation at the molecular species level was 
carried out according to the recommendations of Lipid Standard 
Initiative [34] using MS and MS/MS acquired data. Lipids quantification 
was carried out using a specific deuterated internal standard for each 
lipid class, according to the method described by Tsugawa H. et al. [33]. 

2.4.10. Lipid mass data analysis 
The lipidomic analysis produced a list of over 600 different lipid 

species, along with their relative abundances. These were first processed 
by grouping lipid species in classes and then transforming them into mol 
% of all lipids detected. The classes were: Acylcarnitine (CAR), Car
diolipin (CL), ceramide (Cer), diacylglycerol (DG), free fatty acid (FA), 
lyso-PC (LPC), N-acylethanolamines (NAE), phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphati
dylserine (PS), sphingomyelin (SM), triacylglycerol (TG), while all other 
classes with mol % less than one were grouped in a unique class (Other). 

Non-deterministic and non-linear dimension reduction t-distributed 
stochastic neighbor embedding (tSNE) was performed to cluster data 
using the ‘Rtsne’ library embedded in R software (v.4.1.0). 

2.5. Statistical analysis 

Data analysis was reported as mean ± SD. A post-hoc comparison 
test was carried out using the one-way ANOVA and Dunn’s Multiple 

Comparison Test (GraphPad 6.0 Software, San Diego, CA, USA). The p <
0.05 was considered statistically significant. Significance of the differ
ences was indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001, 
**** p < 0.0001. 

3. Results 

3.1. Characterization of thermal-treated Mg particles 

First, we analyzed the morphological, thermal, and chemical prop
erties of thermal-treated Mg particles, compared to pristine ones (Fig. 1). 
FESEM micrograph of as-received Mg powder highlighted the presence 
of particles with spherical morphology with a diameter ranging to 10 μm 
and the presence of satellite particles (Fig. 1A). The thermal-treated Mg 
particles maintain the spherical shape (Fig. 1B), with an increase of 
surface roughness on the spherical surface, with the evidence of small 
cracks and porous structure on the Mg particle surface. 

The infrared spectrum of Mg particles performed in reflection mode 
indicated the presence of a sharp peak at 3700 cm− 1 corresponding to 
the O–H stretching mode of hydroxyl groups (Fig. 1C) [35]. Because 
this peak was observed before dehydration, we inferred that it was 
derived from the Mg(OH)2 surface and the moisture present on the 
surface. After the thermal treatment at 350 ◦C in air for 1 h, this peak 
strongly decreases, as expected when the reaction of dihydroxylation 
occurred [36]. Infrared spectra showed a strong absorption band in the 
region 400–800 cm− 1, due to the stretching vibrations derived from 
Mg–O bonds [35,37], that are present in pristine and thermal-treated 
Mg particles. The main infrared spectra difference in Fig. 1C can be 
attributed to the process of Mg(OH)2 dehydroxylation. In fact, the 
thermal treatment performed in an oxidative atmosphere was conducted 
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to modify the surface layer of the Mg particles [38], that can affect the 
interface properties and the final composite films. TGA shows a different 
degradation behavior in nitrogen atmosphere (Fig. 1D). The proposed 
reaction due to the thermal treatment is 

Mg(OH)2 (s)→MgO (s)+H2O (g)

The oxide lamellae typically nucleate and grow from the parent 
hydroxide lamella until complete dehydration. During dehydration, the 
oxyhydroxides nucleate and grow and subsequently yield oxides [35]. 

3.2. Masterbatch characterization 

Next, we analyzed the morphological and chemical properties of 
PLA/MgPEI masterbatch granules (Fig. 2). Fig. 2A shows a picture of 
PLA/MgPEI granules whose cross section has been analyzed by using 
scanning electron microscopy. SEM images reveal that Mg particles are 
dispersed along with the composite granules with a highly homogeneous 
distribution in the polymeric phase: Mg particles are embedded in the 
polymer and wholly covered by a PLA layer (Fig. 2B, C). This polymer 
distribution around the particles is due to the Mg particle modification 
with PEI that enhanced the nucleation effect of metal particles on the 
PLA during solvent evaporation. The PEI creates an appropriate inter
face between PLA and Mg particles improving the dispersion of the 
metallic phase. 

DSC analysis in Fig. 2D shows the high increase in the crystallinity 
when the Mg particle was incorporated. First, the colloidal processing of 
PLA and PLA/MgPEI composites granules and lately the solvent evap
oration increases the crystalline fraction of both materials, since the as- 
received PLA was amorphous. This phenomenon, described previously 
by Ferràndez-Montero and co-authors [39] is heightened by the surface 
modification of the Mg particles with PEI that increased the compati
bility of Mg particles with the PLA matrix and enhanced the nucleating 
effect of the particles. Consequently, the PLA/MgPEI presents a higher 

Tm (from 147 to 155 ◦C with the Mg addition) due to the high content of 
the crystalline fraction (from 3 % of PLA to 36 % of PLA/30MgPEI) 
(Fig. 2D). 

TGA measurements provide further information on PLA modification 
after the MgPEI particle addition, and about the actual inorganic frac
tion of the composites. The TGA and derivative thermogram curves are 
shown in Fig. 2E. In detail, (i) the initial degradation temperature 
changes from 298 to 198 ◦C, (ii) the maximum degradation temperature 
was reached from 351 to 239 ◦C whereas the final degradation tem
perature was measured from 361 to 246 ◦C with the Mg addition, and 
(iii) the percentage of residual mass (predominantly Mg) was 33 %. 
These results showed that Mg induces the degradation of the PLA, 
decreasing the degradation temperatures to 100 ◦C. This behavior has 
been associated with the MgO, present on the surface of the Mg particles, 
that acts as a catalyst for the PLA depolymerization reaction when the 
polymer is subjected to elevated temperatures. This effect can be used to 
tune and modulate the degradation behavior of the PLA by using 
increasing content of Mg particles. 

The FT-IR spectrum of the masterbatch in the 2000–500 wave
number region (Fig. 2F) shows the typical peak of the PLA, PEI and Mg 
particles. In particular, the C––O stretching vibration at 1755 cm− 1 due 
to PLA polymer with a band at 1722 cm− 1 that can be attributed to PEI 
polymer. The band at 1624 cm− 1 and 1356 cm− 1 can be due to N–H and 
C–N stretching vibration mode of PEI, while a large band is present in 
the 800–400 cm− 1 region expected for the stretching vibration of Mg–O 
bond. 

3.3. Polymer and composite film characterization 

Homogenous, flexible, free-standing PLA-based films were success
fully obtained after the extrusion process, with the selected process 
parameters. The presence and content of Mg particles had an impact on 
the transparency, colours, roughness, mechanical and thermal 
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properties of the PLA films. Infrared spectra were also performed on PLA 
and composite films (Fig. S1), displaying the typical band of PLA and 
PEI. No significant differences are revealed between the PLA and com
posites at the selected Mg weight content. 

3.3.1. Mechanical analysis 
Tensile tests were performed to evaluate the effect of the presence, 

content, and surface treatment of Mg particles on PLA polymer films. 
PLA-thermal-treated and -PEI-modified Mg particles were analyzed and 
compared with pristine PLA. Fig. 3 showed histograms of stress at yield 
(Fig. 3A), Young Modulus (Fig. 3B), strain at maximum strength 
(Fig. 3C) at 5 and 10 wt% content of different modified Mg particles, and 
representative stress-strain curves of PLA/Mg composites at 5 wt% 
content of each Mg type (Fig. 3D). Young modulus of the composites 
(Fig. 3B, Table 3) had a slight decrease with respect to the PLA films, at 
low (5 wt%) Mg content, while the decreasing results are more marked 
in the composite with the highest Mg content (10 wt%). This trend was 
confirmed also by the tensile strength and strain histograms (Fig. 3A and 
C) for all Mg particles. 

Samples with 10 wt% Mg particles showed a marked decrease both in 
stress and strain values, measured at yield, which suggested an excess of 
the microparticles that are not well-performing in mechanical behavior 
(Fig. 3A and C). 

All PLA-based films show the same behavior for the stress-strain 
curve (Fig. 3D), with a maximum at the yield point followed by a 
cold-flow region and finally, failure, which is typical for ductile 

polymers [30]. Mg particles affect the elongation at break which de
creases by increasing the Mg particles and strength. At 10 wt% of Mg 
content, the strength values were lower because the high level of Mg in 
the composite does not allow the good dispersion of the particles, also 
due to the presence of particle agglomerates, hindering the formation of 
an effectual interface between matrix and filler. We next investigated 
the influence of interfacial matrix/particle adhesion on the mechanical 
properties of PLA micro-composites. The film with PEI modifications 
showed the highest Young modulus value of composites, suggesting that 
this performance can be associated with an improving interfacial 
adhesion between the polymer matrix and the metal microparticles 
induced by PEI (Table 3, Fig. 3B). Similar values were obtained for MgTT 
particles. 

Based on the mechanical property results, films with 5 wt% content 
were selected to compare and evaluate the effect of Mg presence or 
modification on osteoconductive properties to stem cells. 

3.3.2. Morphological characterization 
To analyze the integration of the Mg particle in the PLA matrix, 

FESEM analysis was also performed on the cryo-fracture surface of the 
films. Electron microscopy images (Fig. 4A–H) revealed Mg particles 
uniformly distributed in the PLA polymer matrix, and a distinct micro
roughness induced on the surface by the presence of the individual 
magnesium particles. Multiple Mg particles were dispersed on the sur
face and in the interior of the composite. No apparent aggregation and 
cracks were observed. However, in the cross-section of PLA/5Mg 
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samples we observed the lack of particle-polymer adhesion in some 
empty holes from the pull out of Mg particles during the fracture 
(Fig. 4D). In the Mg particles treated composites, this phenomenon is not 
clearly observed. 

3.3.3. Thermal characterization 
Fig. 5 shows the residual mass (A) and DTG (B) curves of PLA and 

composite films. This technique demonstrated that no detectable im
purities were present in the composite samples. All films have a pro
nounced thermal degradation peak, which is attributed to the 
decomposition of polymers (PLA and PEI) whose temperatures 
(240–290 ◦C) decrease with the increase of Mg particle content in the 
composites (data not shown). The temperature at maximum degradation 
rate (Td) followed a similar trend to T-5 %, decreasing from 317 ◦C for 
pure PLA to 283 ◦C for PLA/5MgPEI (Fig. 5A). TGA permitted to un
derline the different behaviors of the presence of Mg and surface treat
ment at the same Mg particle content. Mg particles in the PLA reduced 
the maximum thermal degradation temperature. This is caused by the 
MgO present on the surface of the Mg particles, that acted as a PLA 
depolymerization agent at high temperatures [40]. Fig. 5A shows this 
effect mainly in pristine Mg and PEI-modified particles. The higher 
thermal stability of PLA/5MgTT composite films can be due to the 
dehydration of the Mg(OH)2 phase precipitated on the Mg particles and, 
therefore, the formation of crystalline MgO, as previously observed [36]. 

Since PLA is a semicrystalline polymer, its mechanical properties 
depend largely on its original crystallization state. Fig. 5 presents 1st (C) 
and 2nd (D) heating DSC curves of PLA and PLA-based composites at 5 
wt% filler content for the different kinds of magnesium particles. 
Thermal properties are summarized in Table 3. 

All films exhibited the crystallinity degree (Xc), calculated based on 
the enthalpy of fusion of 100 % crystalline PLA, which is 93 kJ/g [30], 
<2 %. All films have a glass transition temperature, a cold crystallization 
temperature, and a melting temperature. The neat PLA film is charac
terized by a Tg at 56 ◦C, a Tcc at 118.5 ◦C, and finally a Tm at 148.3 ◦C. 

The addition of 5 wt% Mg particles to the neat PLA resulted in an in
crease in Tcc up to 10 ◦C. This effect is more evident in the case of PEI- 
modified Mg particles. Cold crystallization peaks are retarded and 
sharper in the composites; the delay (formation at higher temperatures) 
may be due to the thermal inertia of the metal particles which function 
as heat absorbers and accumulators; the sharped form could depend 
both on the release of the accumulated heat and on the nucleating effect 
of the particles for the formation of crystals. The formation of crystals of 
more uniform temperature by nucleation is also confirmed in the initial 
shape of the melting peak which appeared more gradual in PLA and 
more sloping in composites. This can be attributed to the restriction of 
the mobility of the polymer chains as the consequence of the interface 
properties on the Mg particle surface. 

3.3.4. Wettability 
Wettability property influences the interaction of the material and 

cells or biological fluids [22,30,41]. Fig. 6 displayed the Water Contact 
Angle (WCA) measurements of PLA and Mg particles-based composites, 
and the comparison between different content and types of Mg particles. 
The Mg particle surfaces modify slightly the WCA values of the com
posites, thus improving the hydrophilic properties of the PLA film 
(Fig. 6A). This effect was induced by the changes in both physical and 
chemical surface properties of the PLA film for the dispersion of the Mg 
particle [8]. According to previous studies from some of our co-authors 
[8,42], hydrophilicity is connected with the chemical constitution of the 
composite, microstructure and roughness. A decrease in the WCA values 
by increasing the Mg content was observed ranging from 79◦ for PLA 
film to 69◦ for PLA/10Mg particles (Fig. 6B). These studies indicated 
that the WCA changes in composite films can be attributed to (i) the 
hydroxyl groups exposed on the surface of Mg particles, which can form 
hydrogen bonds with water; (ii) the higher specific surface area of the 
composite respect to PLA. 

Table 3 
Thermal, mechanical, and surface properties of PLA and composites based on magnesium particles.  

Materials DSC 
Second heating scan 

TGA Tensile test Surface properties 

Tg (◦C) Tcc (◦C) Tm (◦C) Td (◦C) σY (MPa) εσY (%) E (GPa) WCA (◦) 

PLA 56.0 ± 0.1 118.5 ± 0.9 148.3 ± 0.5 317 ± 1 61 ± 3 2.18 ± 0.06 3400 ± 100 78.6 ± 1.1 
PLA/5Mg 55.8 ± 0.7 121.9 ± 0.1 148.9 ± 0.1 294 ± 1 56 ± 2 2.77 ± 0.16 2770 ± 180 74.4 ± 0.4 
PLA/5MgTT 54.2 ± 1.9 122 ± 4 148 ± 1 308 ± 1 60 ± 2 2.77 ± 0.18 2770 ± 130 75.6 ± 0.7 
PLA/5MgPEI 55.5 ± 0.1 128.4 ± 0.3 149.8 ± 0.1 284 ± 2 56 ± 4 2.75 ± 0.21 2820 ± 100 71.8 ± 0.9  

Fig. 4. FESEM images of the fracture surface of PLA (A, B), PLA/5Mg (C, D), PLA/5MgTT (E, F) and PLA/5MgPEI (G, H) composites at different resolutions. Arrow 
lines in panel D indicate the presence of empty holes in the cross-section of PLA/5Mg composite. 
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3.3.5. Protein adsorption 
Finally, we measured the capability of neat and Mg-composites PLA 

films to interact with the proteins. We performed the protein adsorption 
assay according to our previous works [22,23]. 

Histograms in Fig. 7 showed a similar protein adsorption capability 
of PLA/5Mg- and PLA/10Mg-based films, and a general increase of the 
absorbed proteins when compared to neat PLA. We measured a com
parable amount of the selected proteins’ samples after 30 min and 24 h 
of incubation, suggesting that the film surfaces are rapidly saturated by 
the bonded proteins, although with some difference among PLA/Mg- 
derivative films (Fig. 7A, B). Compared to neat PLA, the adsorption of 
the plasma proteins was highest on PLA/5MgTT, PLA/10MgTT, PLA/ 
5MgPEI, and PLA/10MgPEI (Fig. 7A, B), while the adsorption of FBS 2 % 
and FBS 10 % was highest on PLA/5MgPEI and PLA/10MgPEI (Fig. 7A, 
B). 

No differences we detected in the amount of adsorbed BSA between 
all PLA/Mg composites although we observed a general light-increased 
trend compared to neat PLA film (Fig. 7A, B). These results indicated 
that the presence of Mg particles in combination with the two treatments 
improves the binding of proteins with respect to neat PLA polymer. The 
highest values on PLA/5MgPEI may be due to the lowest WCA mea
surements that correlated with an increase in wettability (Fig. 6). 

3.4. PLA/Mg composite films are suitable for the culture of hASCs 

First, we investigated whether PLA, PLA/5Mg, PLA/5MgTT, and 
PLA/5MgPEI polymer films were suitable for hASCs culture (Fig. 8). We 
selected the PLA polymer films containing 5 wt% Mg for the hASCs 
culture based on the mechanical property (Fig. 3) and the comparable 
adsorption capability of the films’ surface between 5 wt% Mg and 10 wt 
% Mg (Fig. 7). 

hASCs have a mesenchymal origin and are recognized to be one of 
the most suitable stem cell types for tissue engineering-based applica
tions due to the relatively standardized and easy method of isolation, the 
well-established procedures for in vitro expansion and differentiation 
toward cells of non-hematopoietic lineages, such as fibroblasts, osteo
cytes, adipocytes, chondrocytes, and neural cells [3], and for their 
immunomodulatory activity that allows recreating the stem cell 
microenvironment [4,43]. 

In these sets of experiments, hASCs were seeded on neat PLA, PLA/ 

5Mg, PLA/5MgTT, and PLA/5MgPEI polymer films in the growth cul
ture medium (Fig. 8A). As experimental controls (CTR), hASCs were 
seeded on TCP/glass coverslip in the growth culture medium (Fig. 8A). 
Stem cell viability (MTT assay) (Fig. 8B) and cell morphology (immu
nofluorescence, IF) (Fig. 8C) were evaluated at different time points (3, 
7, 14, 21, and 30 days) of the culture (experimental plan in Fig. 8A). We 
observed a similar mitochondrial dehydrogenase activity curve of hASCs 
on PLA and PLA/Mg-based films, demonstrating the biocompatibility of 
the materials (Fig. 8B). Next, we analyzed the effect of PLA and PLA/ 
5Mg-based films on stem cell morphology (Fig. 8C). Immunofluores
cences displayed a comparable organization of the cytoskeleton com
ponents, F-Actin microfilaments and Microtubules, in hASCs seeded on 
PLA and PLA/5Mg composite films (Fig. 8, representative images at 
selected time points), depicting a canonical fibroblast-like morphology 
matching that of hASCs cultured in canonical control culture condition. 
More in detail, the tubulin-positive fibers (Microtubules, red) radiate out 
from the organizing center beside the nucleus, while the F- 
Actin–containing fibers (green) are arranged as straight, cable-like cords 
that cross the cytoplasm in different directions but are preferentially 
oriented along the main cellular longitudinal axis (Fig. 8C). 

Together these data demonstrated that these polymers are suitable 
for stem cell culture, even for a long-term culture (Fig. 8B, C). 

These results were confirmed by FESEM analyses that highlighted 
the interaction of hASCs with the surface of PLA and PLA/5Mg-based 
films. High magnification FESEM images revealed some differences 
between systems, with stem cells that emitted thin filopodia on PLA/ 
5MgPEI and large lamellipodia on PLA/5MgTT and PLA/5Mg, perhaps 
as an effect of the surface microstructure of PLA/Mg composite films 
that showed a microroughness induced by Mg dispersion in the film 
(Fig. 9). 

3.5. Osteogenic differentiation induction of PLA/Mg-based films on 
hASCs 

Due to the osteoinductive properties of Mg particles [8–10,14,44], 
next, we investigated the osteogenic differentiation of stem cells 
cultured on each PLA and composite polymer film in the growth culture 
medium without osteogenic inducers (Fig. 10A). The cells were collected 
after 21 days of culture, the estimated time point necessary for obtaining 
the osteogenic differentiation of hASCs in vitro after treatment with the 

Fig. 7. Adsorbed protein on PLA, and PLA/5Mg, PLA/10Mg, PLA/5MgTT, PLA/10MgTT, PLA/5MgPEI and PLA/10MgPEI. (A) Total adsorbed proteins (absorbance 
595 nm) from BSA, FBS and plasma after 30 min at 37 ◦C and (B) after 24 h at 37 ◦C. The data are reported in percentage with respect to the PLA as mean ± SD. 
Significance of the differences was indicated as follows: *p < 0.05; **p < 0.01. 
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Fig. 8. Viability and morphology of hASCs on CTR, PLA, PLA/5Mg, PLA/5MgTT, PLA/5MgPEI. (A) Schematic representation of experimental plan: on the left 
representative brightfield image of h-ASCs on TCP, scale bar = 100 μm; on the right representative photos taken with a Canon Powershot S200 camera demonstrated 
the optical transparency of neat PLA compared to optically non-transparent PLA/Mg-based films due to the presence of Mg. hASCs were seeded on neat PLA and on 
PLA/Mg-based films in the growth culture medium for 30 days. In parallel, controls included the culture of stem cells on TCP/glass coverslip in the growth culture 
(CTR). The films without stem cells were also evaluated. (B) MTT assay of hASCs on PLA, PLA/5Mg, PLA/5MgTT and PLA/5MgPEI films and on canonical culture 
conditions (TCP) at 3, 7, 14, 21 and 30 days. Data are representative of three independent experiments which yielded similar results. (C) Representative fluorescence 
images of nuclei (4′,6-diamidino-2-phenylindole, DAPI, blue), F-Actin (Alexa-fluor-488 Phalloidin, green), and β-Tubulin (anti-Tubulin antibody, red) at 7, 14 and 21 
days, were acquired with fluorescence microscopy Eclipse-TE2000-S, Nikon using the F-View II FireWire™ camera (Soft Imaging System, Olympus). Scale bar = 100 
μm; High magnification scale bar = 20 μm. 
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osteogenic differentiation medium [24,28] in TPC/GC (CTR+) 
(Fig. 10A). We also seeded hASCs on TCP/glass coverslips in the growth 
culture media for the same time as the negative experimental control 
(CTR− ). The interference of polymer films without stem cells was also 
evaluated (Fig. 10A). 

After 21 days in the above culture conditions, cells were analyzed for 
the expression of osteogenic markers: Calcium deposit, Alkaline Phos
phatase activity (ALP), type I Collagen (COL.1), and Osteopontin [also 
known as Secreted Phosphoprotein 1 (SPP1)] (Fig. 10B–D); and RUNX2, 
SPP1, and Bone Gamma-Carboxyglutamate Protein (BGLAP) genes 
(Fig. 10E). Lipidomic analysis was also performed (Fig. 11). 

3.5.1. Osteogenic differentiation markers are expressed in hASCs-PLA/Mg 
cultures 

Osteoblasts overexpress ALP, an enzyme that covers a key role in 
bone mineralization processes by the cleavage of pyrophosphate 
(mineralization inhibitor), allowing calcium hydroxyapatite deposition 
in matrix bone formation [45]. 

As expected, due to the osteogenic differentiation of hASCs, the 
staining of ALP was highly positive in stem cells cultured with the 
osteogenic differentiation medium (CTR+, Fig. 10B). In contrast, it was 
undetectable in stem cells grown in canonical culture conditions (CTR− , 
Fig. 10B) and in neat PLA and composite polymer films without stem 
cells (Fig. 10B c′, d′, e′, f′). Of note, we found an increased expression of 
ALP in hASCs seeded on PLA/5Mg-based films (Fig. 10B d, e, f) with the 
highest signal in PLA/5MgTT (Fig. 10B e). 

These results were confirmed by measuring calcium deposits ob
tained by incubating the cells with Alizarin Red, the commonly used 
histologic dye to identify calcium deposits in differentiated osteocytes. 
We obtained positive staining in hASCs seeded on polymer films in this 

order: PLA/5MgTT > PLA/5Mg > PLA/5MgPEI > PLA (Fig. 10B i, j, k, l; 
Fig. 10D) and in stem cells cultured with osteogenic medium (CTR+, 
Fig. 10B h; Fig. 10D), whereas the staining was absent in films without 
stem cells (Fig. 10B i′, j′, k′, l′; D) and in stem cells in growth culture 
medium on TCP (CTR− , Fig. 10B g; D). 

Further evidence of the higher PLA/5MgTT osteoinductive potential 
with respect to the other PLA/5Mg-based films were from the evaluation 
of two specific osteogenic markers, Osteopontin and type I Collagen 
(Fig. 10B o, p, q, r; Fig. 10B u, v, w, x). Osteopontin is a glyco
phosphoprotein synthesized by osteoblasts [46]. It is a non-collagenous 
protein of the bone matrix and binds strictly to calcium hydroxyapatite, 
assuming an essential role in responses to external stresses and bone 
maintenance. Type I Collagen, secreted by osteoblasts, is one of the 
major structural components of the organic bone matrix. Bone tissue is 
responsible for almost the entire synthesis of type I Collagen, therefore 
type I Collagen is a strong marker of bone formation [47,48]. 

The expression of Osteopontin and type I Collagen confirmed the 
major osteogenic inducing potential of PLA/Mg-based films toward the 
differentiation of hASCs (Fig. 10B, C). Moreover, the high magnification 
images in Fig. 10C revealed a comparable architecture in the extracel
lular environment of the type I Collagen signal in cells on PLA/5MgTT’s 
and CTR+. 

Finally, hASCs cultured on PLA/5Mg-based polymer films in a 
growth culture medium expressed the highest levels of RUNX2, BGLAP, 
and SPP1 genes with respect to stem cells cultured on TCP (Fig. 10E). 
The level of these osteogenic genes was, however, higher in stem cells 
cultured in an osteogenic differentiation medium (Fig. 10E). Interest
ingly, in neat PLA-stem cell cultures, we observed an increased expres
sion of the SPP1 gene (Fig. 10E), indicating the role of the polymer firm 
composition in dictating changes in the stem cell fate but also 

Fig. 9. FESEM Images of hASCs on PLA and PLA-based Mg composites at different magnification at 7 days of culture.  
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highlighting that the PLA-polymer alone is not enough to induce a 
complete stem differentiation process. Of note, when data are compared 
to PLA-cultures, only hASCs cultured on PLA/5MgTT expressed the 
highest levels of RUNX2, BGLAP, and SPP1 genes as stem cells cultured 
in the osteogenic medium (Fig. 10E). 

3.5.2. Lipidomic analysis 
The lipidome profile of the plasma membrane during the differen

tiation of hMSCs toward osteoblasts was evaluated in a recent publica
tion showing a lipidomic remodeling that recapitulated the composition 
and structure of the plasma membrane of the osteoblasts [49]. 

We performed a lipidomic analysis in hASCs after 21 days on PLA 
and PLA/Mg-based in the growth culture medium and related controls 
(CTR+, CTR− ) using a liquid chromatography/mass (LC/MS) QTOF 
mass spectrometry. Results are reported in Fig. 11. We found a compa
rable lipid composition between hASCs in osteogenic differentiation 
medium (CTR+) and hASCs on PLA/5MgTT (Fig. 11A, pie chart). We 
observed a reduction in the Fatty Acid (FA) lipid class and an increase in 
phospholipids associated with the osteogenic differentiation, such as 
phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phos
phatidylinositol (PI), mainly in cells on PLA/5MgTT, further enhancing 
the osteoinductive effect of PLA/5MgTT on hASCs (Fig. 11A). A 

comparable lipid composition was observed between hASCs cultured in 
the growth culture medium (CTR− ) and hASCs on PLA and on PLA/ 
5MgPEI (Fig. 11A). hASCs on PLA/5Mg showed an intermediate case 
with a slight reduction in FA and an increase in PC and PE. The lipidome- 
wide differences between PLA/5Mg-based films were further confirmed 
by the t-SNE plot of the first two principal components (Fig. 11B). The 
first two dimensions in the t-SNE plot reveal a distinct difference in the 
lipidomic profiles between the hASCs cultured in the growth culture 
medium (CTR− ), hASCs cultured in the osteogenic differentiation me
dium (CTR+), and hASCs cultured on PLA/5MgTT, whereas, the other 
groups showed an intermediate lipids composition (Fig. 11B). 

In conclusion, these results demonstrated that the culture of hASCs 
on PLA/5Mg films caused the remodeling of the lipid classes with po
tential osteogenic differentiation involvement. Our findings agree with 
the previous observation showing the reduction of FA and an increase of 
PC, PE, and PI during the osteogenic differentiation [49]. Of note, these 
results highlighted the highest osteoinductive role of MgTT in PLA films, 
and in general support the role of Mg ions as a cofactor of the enzymes 
involved in the biosynthesis of the abovementioned lipids [50,51]. 

To our knowledge, these results are the first to explore the lipidome 
profile of hMSCs on a biomaterial in the growth culture medium. 

Fig. 10. Osteogenic differentiation of hASCs on PLA, PLA/5Mg, PLA/5MgTT, and PLA/5MgPEI. (A) The experimental plan is shown schematically: CTR+, stem cells 
were grown with osteogenic differentiation medium; CTR− , stem cells were cultured on TCP/glass coverslip in growth culture medium; hASCs were seeded on neat 
PLA and PLA/5Mg-based films in growth culture medium. The interference of films with medium without stem cells was also evaluated. All systems studied were 
maintained for 21 days in culture. (B) Representative brightfield images of Alkaline Phosphatase Staining of hASCs seeded on TCP using growth culture medium 
(CTR− ) (a) of hASCs differentiate toward osteocyte in vitro condition using a differentiation osteogenic medium (CTR+) (b) of hASCs cultured on PLA and PLA/5Mg- 
based films using growth culture medium (c, d, e, f), and of materials without the stem cells (c′, d′, e′, f′). Representative brightfield images of Alizarin red staining of 
hASCs on TCP (CTR− ) (g) of hASCs differentiate toward osteocyte in vitro condition (CTR+) (h) of hASCs cultured on PLA and PLA/5Mg-based films (i, j, k, l), and on 
respectively film without the stem cells (i′, j′, k′, l′). Scale bar = 100 μm. Representative fluorescence images of type I Collagen (anti-type I Collagen, green) and nuclei 
(4′,6-diamidino-2-phenylindole, DAPI, blue) of hASCs maintained in canonical culture conditions (m) of hASCs differentiate toward osteocyte in vitro condition (n) of 
hASCs cultured on PLA and PLA/5Mg-based films (o, p, q, r). Representative fluorescence images of Osteopontin (anti-Osteopontin, green) and nuclei (4 ′, 6-diami
dino-2-phenylindole, DAPI, blue) of hASCs maintained in canonical culture conditions (s) of hASCs differentiate toward osteocyte in vitro condition (t) of hASCs 
cultured on PLA and PLA/5Mg-based films (u, v, w, x). Scale bar = 100 μm. (C) High magnification of fluorescence images of type I Collagen expression in hASCs 
cultured on PLA/5Mg, PLA/5Mg TT, and PLA/5Mg PEI. Type I Collagen (anti-type I Collagen, green) and nuclei (4′, 6-diamidino-2-phenylindole, DAPI, blue). (D) 
Quantitative analysis of Alizarin Red Staining (see Materials & methods section for details). The results are reported as mean ± SD of three independent experiments. 
† = p < 0.01; ‡ = p < 0.001; § = p < 0.0001. Red symbols represent multiple comparison test vs. CTR− ; Green symbols represent multiple comparison test vs PLA. (E) 
qPCR gene expression of BGLAP, SSP1, and RUNX2 in hASCs cultured on PLA and PLA/5Mg-based films. Results are expressed as mean ± SD of three independent 
experiments. † = p < 0.01; ‡ = p < 0.001; § = p < 0.0001. Red symbols represent multiple comparison test vs. CTR− ; Green symbols represent multiple comparison 
test vs PLA. 

Fig. 11. Lipidomic analysis of undifferentiated hASCs (CTR− ), differentiated hASCs (CTR+), and hASCs on PLA, PLA/5Mg, PLA/5MgTT and PLA/5MgPEI. (A) Pie 
chart showing the percentage of lipid classes analyzed in each system. Acylcarnitine (CAR), Cardiolipin (CL), ceramide (Cer), diacylglycerol (DG), free fatty acid (FA), 
lyso-PC (LPC), (NAE), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS), sphingomyelin (SM), tri
acylglycerol (TG), Other (see Materials & methods section). (B) t-SNE plot unsupervised comparison of the lipidome in different groups. 
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3.6. Osteogenic differentiation of hASCs after interaction with PLA-based 
films 

The different effects of the osteoconductive properties of PLA/5Mg 
composites on stem cells might be directly addressed to the Mg release 
by the polymer films. For example, in the case of MgPEI, we have 
demonstrated previously that PEI adsorption stabilizes the Mg phase and 
decreases the release of Mg to the medium [20]. In contrast, the thermal 
treatment in the Mg particles induces a faster Mg release from the PLA 
matrix during the test [52]. 

Here, we investigated whether osteogenic differentiation required 
direct contact between stem cells and PLA/5Mg-based films or if the 
process was dependent on the Mg released in the culture medium. We 
have co-cultured hASCs with each polymer film for 21 days in the 
growth culture medium in trans-well plates that separate stem cells and 
polymer film in the same culture system (Fig. 12A). Positive control 
(stem cells cultured with osteogenic differentiation medium) and 
negative (stem cells cultured with growth culture medium) on TCP were 
included in this set of experiments (Fig. 12A). 

On day 21, the cells were stained with alkaline phosphatase to verify 
the osteogenic differentiation (Fig. 12B). 

Images revealed the positive ALP staining in hASCs after 21 days of 
co-culture with PLA/5Mg-based films (order PLA/5MgTT → PLA/ 
5MgPEI → PLA/5Mg → PLA). On the other hand, no signal was acquired 
in hASCs in co-culture with neat PLA. As expected, the signal of ALP 
staining was absent in CTR− (Fig. 12B). These findings demonstrated 

that the polymer film in culture releases Mg and confirmed that the Mg is 
osteoinductive (Fig. 12B). 

4. Discussion 

In this work, we demonstrated the highest osteogenic potential of 
thermal-treated Mg particles dispersed in PLA toward hASCs. 

The PLA/MgTT composite was designed taking into account the 
osteogenic role of Mg either as a free ion [10,44] or as molecules 
dispersed in polymer films [7,20,39], as well as the properties of pristine 
PLA polymer film, that make this polymer of friendly use for tissue en
gineering approaches [10,15,17,44]. 

The PLA/MgTT was generated as part of a set of polymeric composite 
films, consisting of PLA/Mg and PLA/MgPEI, where the Mg was 
dispersed in the PLA film respectively as Mg particles or Mg particles 
modified by the adsorption of PEI dispersant in aqueous suspension. 

All composites (PLA/Mg, PLA/MgTT and PLA/MgPEI) have Mg 
particles at two selected contents: wt 5 % Mg or wt 10 % Mg, and were 
obtained by the extrusion process to guarantee the individual dispersion 
of Mg particles into the PLA polymer films. In all composites, the in
clusion of Mg particles modified the bulk and surface properties of the 
PLA films. In particular, the Mg wt 5 % decreased the thermal stability of 
the PLA polymer and restricted the mobility of the polymer chains as a 
consequence of the interface properties on the Mg particle surface. 
Moreover, the inclusion of Mg particles preserved the PLA Young 
modulus, increased the wettability properties of the PLA films and favor 

Fig. 12. Osteogenic differentiation of 
hASCs without the interaction with 
PLA-based films. (A) The experimental 
plan is shown schematically: CTR+ stem 
cells were grown with osteogenic dif
ferentiation media; CTR− stem cells 
were cultured in growth culture condi
tions; hASCs were co-cultured with neat 
PLA and PLA/5Mg-based films in the 
growth culture medium. All systems 
studied were maintained for 21 days in 
culture. (B) Representative brightfield 
images of Alkaline Phosphatase Staining 
of hASCs in CTR− and CTR+ conditions 
and of hASCs co-cultured with PLA and 
PLA/Mg-based films for 21 days. Scale 
bar = 100 μm. On the right of each 
photo, the related high magnification of 
brightfield images was presented.   
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protein adsorption. Conversely, samples with 10 wt% Mg particles 
showed a marked decrease both in stress and strain values, and mainly 
the high level of Mg in the composite does not allow the good dispersion 
of the particles. Due to the abovementioned characteristics, wt 5 
%-based composites were selected for the biological application with 
hASCs. 

All Mg composites (PLA/5Mg, PLA/5MgTT and PLA/5MgPEI) were 
suitable for the culture of hASCs, as demonstrated by the comparable 
viability and morphology with the stem cells cultured in the canonical 
growth culture condition on TCP. 

All composites were evaluated for the osteogenic differentiation 
potential to hASCs in the growth culture condition, in the absence of 
soluble exogenous inductive molecules, for 21 days (the time needed for 
the osteogenic differentiation of hASCs with the osteogenic culture 
medium in vitro culture) [24,28]. We found that the best performance 
was obtained with PLA/5MgTT, as the expression of the canonical 
osteogenic markers, RUNX2, SSP1, and BGLAP genes, Alkaline Phos
phatase activity, type I Collagen, Osteopontin, Calcium deposits, and the 
lipids composition were more similar to that measured in stem cells 
induced to osteogenic differentiation by the culture in the osteogenic 
medium. Moreover, although the levels of the overall osteogenic 
markers were in a wide range among the PLA/5Mg-based composites 
cultures, they were consistently highest in PLA/5MgTT cell cultures 
(order PLA/MgTT > PLA/MgPEI > PLA/5Mg > PLA). 

To our knowledge, for the first time, we found a remodeling of the 
lipid composition in the above hASCs on PLA/5Mg-based films. A lip
idomic analysis by LC/MS QTOF mass spectrometry highlighted the 
reduction of fatty acids and the increase of selected phospholipids 
classes according to a previous report evaluating the fatty acid content in 
osteogenic differentiated mesenchymal stem cells [50]. Other works 
show changes in phospholipids content with osteogenic differentiation 
[51,53], and mainly with the increase of phosphatidylcholine, phos
phatidylethanolamine, and phosphatidylinositol [50]. Of note, even 
compared to those publications, our data are novel since they referred to 
the lipidome remodeling in hASCs cultured on PLA/5Mg composite 
films. 

We explained these results based on the capability of the PLA/5Mg, 
and mainly by PLA/5MgTT, to provide the cells the osteoinductive Mg, 
which is a cofactor of several enzymatic reactions necessary for the 
osteogenic differentiation, including those involved in the lipid 
biosynthesis and regulation [54–58]. The presence of released Mg by 
PLA/5Mg-based films was demonstrated in a co-culture trans-wells 
system, by which cells and films remained separated in the same culture 
chamber for 21 days in the growth culture medium. We found high 
levels of ALP expression in cell-PLA/5MgTT and to a lower extent in cell- 
PLA/5MgPEI and cell-PLA/5Mg co-cultures, whereas no ALP staining 
was observed in hASCs on neat PLA films. 

These findings appear to contrast with earlier findings that showed a 
light expression of the osteogenic SPP1gene in the culture of hASCs on 
PLA. Indeed, this highlights the critical role of the synergistic effect of 
the PLA polymer film composition, the inclusion of Mg particles, and 
mainly the direct contact of the cells with the surface of the composites 
for inducing osteogenic differentiation. 

Collectively, this work on the application of PLA and Mg-based 
composites in tissue engineering and regenerative medicine reveals a 
high potentiality of composite based on thermal-treated Mg particles, 
that it is on the right track to becoming the optimal 3D scaffold struc
ture. Future works need to explore the suitability of the selected com
posite as 3D scaffold with defined porosity, pore dimension, shape and 
interconnectivity. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2022.11.005. 
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