
Bioactive Materials 28 (2023) 537–548

2452-199X/© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

The effect of pore size on the mechanical properties, biodegradation and 
osteogenic effects of additively manufactured magnesium scaffolds after 
high temperature oxidation: An in vitro and in vivo study 

Chaoxin Wang a,b,1, Jinge Liu c,1, Shuyuan Min a,b, Yu Liu a,b, Bingchuan Liu a,b, Yuanyu Hu a,b, 
Zhengguang Wang a,b, Fengbiao Mao d, Caimei Wang e, Xiaolin Ma e, Peng Wen c,**, 
Yufeng Zheng f,***, Yun Tian a,b,* 

a Department of Orthopedics, Peking University Third Hospital, Beijing, 100191, China 
b Engineering Research Center of Bone and Joint Precision Medicine, Ministry of Education, Beijing, 100191, China 
c Department of Mechanical Engineering, Tsinghua University, Beijing, 100084, China 
d Institute of Medicine Innovation and Research, Peking University Third Hospital, Beijing, 100191, China 
e Beijing AKEC Medical Co., Ltd., Beijing, 102200, China 
f School of Materials Science and Engineering, Peking University, Beijing, 100871, China   

A R T I C L E  I N F O   

Keywords: 
Pore size 
Additive manufacturing 
WE43 alloy 
Magnesium alloy 

A B S T R A C T   

The effects of pore size in additively manufactured biodegradable porous magnesium on the mechanical prop
erties and biodegradation of the scaffolds as well as new bone formation have rarely been reported. In this work, 
we found that high temperature oxidation improves the corrosion resistance of magnesium scaffold. And the 
effects of pore size on the mechanical characteristics and biodegradation of scaffolds, as well as new bone for
mation, were investigated using magnesium scaffolds with three different pore sizes, namely, 500, 800, and 
1400 μm (P500, P800, and P1400). We discovered that the mechanical characteristics of the P500 group were 
much better than those of the other two groups. In vitro and in vivo investigations showed that WE43 magnesium 
alloy scaffolds supported the survival of mesenchymal stem cells and did not cause any local toxicity. Due to their 
larger specific surface area, the scaffolds in the P500 group released more magnesium ions within reasonable 
range and improved the osteogenic differentiation of bone mesenchymal stem cells compared with the other two 
scaffolds. In a rabbit femoral condyle defect model, the P500 group demonstrated unique performance in pro
moting new bone formation, indicating its great potential for use in bone defect regeneration therapy.   

1. Introduction 

The clinical treatment of large periarticular bone defects that are 
caused by trauma or tumor resection remains a major challenge [1]. 
Therefore, studies are increasingly focusing on approaches related to 
bone regeneration and natural bone replacement. Autograft techniques 
are considered to be the best option that is currently available, but 
limited sources of useful bone grafts and anatomical form mismatch 
restrict their large-scale application. In contrast, the use of allograft 

increases the risk of immune rejection and pathogen transfer [2,3]. 
Some artificial bone materials, such as hydroxyapatite or tricalcium 
phosphate, can fill defects but lack durable mechanical strength [4,5]. 

Additive manufactured scaffolds have been used as an alternative 
material for bone defect repair, and these materials have received sub
stantial attention. The use of customized porous implants allows the 
formation of patient-specific shapes and the precise control of topolog
ical parameters to promotebone ingrowth [6]. Bioinert metallic porous 
scaffolds, such as those made of titanium and its alloys, have achieved 
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desirable clinical effects [7]. Nevertheless, their permanent presence 
over time inhibits complete bone regeneration and may lead to 
implant-associated infections [8]. In addition to their biocompatibility, 
bone scaffolds should have at least the following characteristics: (i) they 
should have mechanical properties that support physical load during the 
bone repair period; (ii) they should have a highly porous and inter
connected structure to promote bone ingrowth; and (iii) they should 
have good biodegradability to allow a final complete osseointegration. 

Magnesium and its alloys are potential candidates for use in bone 
tissue engineering scaffolds because of their compatibility, osteoinduc
tivity, biodegradability and mechanical properties. Magnesium is an 
essential mineral that is bioactive in beneficial enzymatic reactions and 
new bone formation [9,10]. The density and Young’s modulus of mag
nesium and its alloys are similar to those of bone tissue, and magnesium 
and its alloys have been extensively investigated for use in orthopedic 
surgery [11]. The use of additive manufacturing magnesium alloy 
porous scaffolds with intricate internal architectures and adequate 
strength is a promising approach to overcome the challenges associated 
with complex external shapes and biodegradation [12,13]. 

Many studies have shown that the pore sizes of porous implants play 
a significant role in the movement of nutrients and cells. Larger pore 
sizes are more conducive to promoting blood supply and bone ingrowth; 
but the increasing poor size decreases the strength of the implant [14, 
15]. Additionally, it must be acknowledged that pore size increases with 
scaffold degradation. The effects of pore size in additively manufactured 
magnesium on the mechanical properties and biodegradation as well as 
on new bone formation have rarely been reported. In this study, these 
characteristics was investigated using magnesium scaffolds with three 
distinct pore sizes, namely, 500, 800, and 1400 μm. 

2. Materials and methods 

2.1. Personalized scaffold design and scaffold manufacturing 

2.1.1. Computer-aided design 
Creo 7.0 (Parametric Technology Corporation, America) was used to 

design three distinct sheet gyroid scaffolds with the same porosity, 
namely, 60%. The distance between the two parallel struts was regarded 
as pore size in this paper. The measured pore size of P500, P800, and 
P1400 was 502.62 μm, 789.51 μm, and 1386.87 μm, respectively. We 
discovered that the specific surface area of the scaffolds increased as the 
pore size decreased. The surface areas of the P500, P800, and P1400 
scaffolds were 2425 mm2, 1663 mm2, and 1257 mm2, respectively. 

2.1.2. 3D printing and postprocessing 
The scaffolds were made by a laser powder bed fusion machine (BLT 

S210, China). WE43 powder was prepared by centrifugal atomization 
(TangshanWeihao, China). The powder included 3.71% Y, 2.21% Nd, 
1.03% Gd, 0.37% Zr and residual Mg (by weight). These parameters 
were reported in previous studies [12]. The WE43 powder bed was 
preheated to 200 ◦C before melting. In the laser powder bed fusion 
(L-PBF) process, the chamber is filled with argon gas of over 99.99% 
purity to inhibit harmful reactions. Moreover, the oxygen concentration 
of the processing chamber is kept below 100 ppm. The following pro
cessing settings were used: a 60 W laser power, a 600 mm/s scanning 
speed, a 20 μm layer thickness, and a 70 μm hatch spacing. The scanning 
direction was rotated 67◦ between adjacent layers. The methods for the 
postprocessing treatment of the printed scaffolds were as follows. The 
scaffolds were chemically polished with 5% HCl, 5% HNO3, and residual 
C2H5OH (by volume) solution for 2 min and then ultrasonically cleaned 
in pure ethanol. To increase the corrosion resistance, the scaffolds were 
treated by high temperature oxidation (HTO) method.In a muffle 
furnace, the samples were heated at 525 ◦C in the presence of air for 8 h, 
and then were quenched in water. 

2.2. Microstructural characterization and mechanical properties 

2.2.1. Scanning electron microscopy 
The microstructures of the scaffolds were examined using a field 

emission scanning electron microscope (FESEM, HITACHI S-4800, 
Japan). Energy dispersive X-ray spectroscopy (EDS) was used to 
examine the chemical composition of areas of interest. 

2.2.2. Mechanical properties 
A mechanical test was performed on cylindrical scaffolds (10*10 

mm) according to ISO 13314:2011. The scaffolds were compressed using 
a universal testing device at room temperature with a 0.5 mm/min speed 
and a 50% maximum strain. Both the yield strength and Young’s 
modulus were calculated using the observed stress–strain curves. 

2.3. In vitro degradation analysis 

Immersion experiments were carried out in Hank’s solution (37 ◦C, 
pH 7.4) and the exposure ratio was set as 20 mL/cm2 in accordance with 
ASTM-G31-21 to evaluate the degradation behavior of the magnesium 
scaffolds with various pore sizes. Using inductively coupled plasma 
atomic emission spectroscopy (Leeman, USA), the magnesium content of 
the extracts was quantified. A pH meter was used to measure the pH 
levels of the extracts. 

The magnesium scaffolds with various pore sizes underwent degra
dation, and the degradation behavior was characterized using micro-CT 
(Siemens INVEON MM, Germany). The micro-CT device parameters 
were as follows: 400 μA tube current, 70 kV tube voltage, 400 ms 
exposure period, and 30 μm scan resolution. 2D tomographic gray im
ages of regions of interest (ROIs) were reconstructed by INVEON 
workplace (Siemens, Germany). 

2.4. Cytocompatibility of BMSCs on sample extracts 

2.4.1. Cell adhesion 
For cell adhesion analysis, a 50 μL suspension of BMSCs (1 × 104 

cells/well) was incubated on three groups of magnesium scaffolds with 
different pore sizes in 24-well culture plates. The cells were fixed in a 
2.5% glutaraldehyde solution for an hour after 24 h of cell attachment. 
The samples were then dehydrated in gradient dilutions of alcohol and 
dried at room temperature. Finally, scanning electron microscopy was 
used to study cell morphology. 

2.4.2. Cytotoxicity 
The samples were placed in DMEM supplemented with 10% fetal 

bovine serum (Gibco, USA), 100 units/mL penicillin (Gibco, USA), and 
100 units/mL streptomycin (Gibco, USA) and incubated at 37 ◦C in an 
incubator (Thermo Fisher Scientific, USA) for 3 days to obtain the ex
tracts. Then, we diluted the sample extracts to a specific concentration 
(10%). The measured Mg2+ concentration of P500, P800, and P1400 
was 1.044 ± 0.06688 mM, 2.090 ± 0.1357 mM, and 2.820 ± 0.05752 
mM. The sample extracts were used to culture bone marrow mesen
chymal stem cells (BMSCs) at 37 ◦C in an incubator with 5% CO2. 

We used the CCK-8 reagent (Yeasen, China) to assess cell viability 
and proliferation after 1, 3, and 5 days of culture. The absorbance of 
each well was measured at a 450 nm wavelength using a microplate 
reader (BioTek, Germany). 

2.4.3. Flow cytometry 
Cells that had been cultured with various extracts for 7 days were 

trypsinized, centrifuged, and then resuspended in HEPES (pH 7.4) so
lution for analysis by flow cytometry. The cells were treated for 10–15 
min at room temperature with 5 μL of annexin V-FITC and 10 μL of PI 
(Yeasen, China). Then, measurements were conducted using a flow cy
tometer (Beckman Coulter, USA). 
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2.4.4. Live-dead assay 
Cells were cultured with various extracts for 7 days, washed with 

standard phosphate-buffered saline (Solarbio, China), and then stained 
for 10 min with 2 mM calcein AM and 4 mM PI (Yeasen, China) in an 
incubator. Then, the cells were observed by fluorescence microscopy 
after gentle washing. 

2.5. Osteogenic abilities of BMSCs treated with sample extracts 

2.5.1. Alkaline phosphatase (ALP) staining and quantification 
To assess in vitro osteogenic capacity, BMSCs were seeded at a density 

of 2 × 104 cells/cm2 in 6-well plates. Once the cells reached approxi
mately 70% confluence, we replaced the medium with diluted sample 
extracts supplemented with 50 mM ascorbic acid, 10 mM β-glycer
ophosphate and 100 nM dexamethasone (Sigma, USA). On day 14, the 
cultures were stained with BCIP/NBT solution (Solarbio, China) for ALP 
staining. The cells were lysed with lysis buffer, and P-nitrophenyl 
phosphate (pNpp) was added to the cell lysates and incubated for 20 min 
at 37 ◦C to produce p-nitrophenol, which has the strongest absorbance at 
405 nm. The absorbance was measured by using a microplate reader 
(BioTek, Germany). A BCA kit (Yeasen, China) was used to quantify the 
total cellular protein concentrations for the normalization of ALP 
activity. 

2.5.2. Alizarin red staining and quantification 
On day 21, Alizarin red staining (Sigma, USA) was performed to 

evaluate the formation of calcified nodules, and the staining intensity 
was measured using a microplate reader (BioTek, Germany) after adding 
1% cetylpyridinium chloride extract (Sigma, USA) to dissolve the Aliz
arin red. 

2.5.3. Western blotting analysis of osteogenic marker expression 
We used Western blotting analysis to assess the protein expression 

levels of runt-related transcription factor 2 (RUNX2), SP7 transcription 
factor 7 (SP7) and bone morphogenetic protein 2 (BMP-2). Equal 
amounts of proteins (20 μg) were separated by sodium dodecyl sulfate- 
acrylamide gel electrophoresis (SDS‒PAGE), and the separated proteins 
were then transferred to polyvinylidene difluoride membranes. The 
membranes were incubated with primary antibodies overnight at 4 ◦C 
after being blocked in TBST with 50 g/L skim milk powder for 2 h. The 
primary antibodies included rabbit anti-rat anti-RUNX2, monoclonal 
anti-SP7, anti-BMP2 (Abcam, UK) and polyclonal anti-β-actin antibodies 
(Applygen, China). After three rounds of washing with TBST, the 
membranes were incubated with rabbit IgG secondary antibodies 
(Invitrogen, USA). An ECL detection kit was used to visualize the 
antigen-antibody complexes, and ImageJ was used to assess the signal 
intensities of the protein bands. And then we normalize the target pro
tein/β-actin in Excel. 

2.6. Osteogenic efficacy of magnesium scaffolds in vivo 

2.6.1. Surgical procedures 
We utilized male New Zealand White rabbits that were 6 months old 

and weighed 3–3.5 kg. The surgical procedures were previously 
described. With an electric drill, a cylindrical defect that was 5 mm in 
diameter and 6 mm in depth was made on the lateral femoral condyle. 
We use sulfate calcium bone cement as the control group as it is the most 
commonly used biodegradable bone defect filler in clinical practice. The 
P1400 group, the P800 group, the P500 group, and the bone cement 
group were established from 20 rabbits divided equally into each group. 
Then, a scaffold that matched the defect was implanted. 

2.6.2. Postoperative radiological evaluation 
Postoperative radiological evaluation was performed by C-arm 

fluoroscopy to show implant stability, loosening and associated com
plications. Rabbits were sacrificed 4 weeks after surgery. The following 

experimental steps were performed after distal femur specimens were 
harvested. The femurs were preserved by incubation for 24 h at room 
temperature in 10% neutral formalin buffer. To assess bone regeneration 
and reconstruction, we scanned all the bone-scaffold compounds by 
using micro-CT (Siemens, Germany). The scanning settings were 
established as described above. The scaffold’s inner space and bone 
growth were identified as the region of interest. 2D tomographic gray 
images of regions of interest (ROIs) were used for 3D reconstruction by 
INVEON workplace (Siemens, Germany). Trabecular parameters 
including bone volume over total volume (BV/TV), bone surface area/ 
bone volume (BSA/BV), trabecular number (Tb.N), and trabecular sep
aration (Th.Sp) were calculated with the INVEON workplace (Siemens, 
Germany). 

2.6.3. Histological evaluation 
After successive dehydration using serial concentrations of ethanol, 

fixed femoral condyles were embedded in methyl methacrylate (MMA). 
For fluorescence microscopy and methylene blue/acid fuchsin staining, 
the MMA blocks were cut into 120-μm sections and subsequently com
pressed to a thickness of 30–40 μm. 

2.7. Bioinformatics analysis of BMSCs treated with sample extracts 

Transcriptomic analysis was conducted to investigate the mechanism 
by which extracts derived from P500 scaffolds affected BMSCs. After 
BMSCs reached 70% confluence, they were treated with sample extracts 
that had been diluted and supplemented with 50 mM ascorbic acid, 10 
mM glycerophosphate, and 100 nM dexamethasone (Sigma, USA). To 
evaluate the transcriptome of the BMSCs, total RNA was collected on day 
14, and high-throughput sequencing was performed. The molecular 
mechanisms by which the scaffold materials affected the BMSCs and the 
enriched signaling pathways were examined using Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses. 

2.8. Statistical analysis 

In this study, experiments were conducted at least three times. All 
the experimental data were subjected to statistical analysis with SPSS 
26.0 and are presented as histograms. Tukey’s test was utilized for the 
post hoc comparison of several groups. P < 0.05 was considered to be 
statistically significant. 

3. Results and discussion 

3.1. Microstructural characterization and mechanical properties 

The pores in porous implants plays a crucial role in cell and nutrient 
transportation [16,17]. Porous metal scaffolds, such as titanium alloys 
and tantalum, have been shown to promote bone ingrowth and have 
been successfully utilized in clinical applications [18,19]. Chitosan, as a 
polymeric material, can also provide a porous scaffold that is conducive 
to cell-cell communication [20,21]. For bone tissue engineering scaf
folds, the optimal pore size range is between 100 and 1000 μm. In the 
field of additive manufacturing, porous topology design of undegradable 
metals are deeply studied. However, few studies have investigated 
additively manufactured biodegradable scaffolds with regards to pore 
topology design. 

We first designed Gyroid scaffolds with different pore sizes, 
including P500, P800, and P1400, which had average pore sizes of 500 
μm, 800 μm, and 1400 μm, respectively, and a porosity of 60%. Gyroid 
structure has been verified to have excellent fluid permeability and 
mechanical properties, compare with traditional lattice porous structure 
[16–18]. Pore sizes of 500 μm, 800 μm, and 1400 μm and a porosity of 
60% were chosen based on the similarity of these parameters to the 
characteristics of natural bone tissue [22]. And all scaffolds was 
consistent with their CAD design models (Supplementary Fig. 1). 
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Currently, the degradation rate of magnesium alloys is mainly 
regulated by adjusting alloy composition and surface modification [23]. 
Common biomedical magnesium alloys such as Mg–Ca, Mg–Zn, and 
Mg-RE alloys can be controlled in their degradation rate by adjusting the 
composition of alloying elements [24]. Additionally, degradation rate 
regulation can also be achieved by preparing a corrosion-resistant 
coating on the magnesium alloy surface through various methods, 
including plasma electrolytic oxidation, electrochemical deposition, and 
ion implantation [25–30]. Furthermore, we have developed a 
high-temperature thermal oxidation technique to slow down the 
degradation rate of biomedical magnesium alloys, particularly suitable 
for additive manufactured Mg-RE alloys. 

Fig. 1a–b presents the SEM images at the cross sections of L-PBF 
scaffolds and high temperature oxidation (HTO) scaffolds. L-PBF scaf
folds exhitited a uniform microstructure. After HTO treatment, at the 
surface, the scaffolds formed a continuous oxide layer (I) with the 
enrichment of Y, Nd, Gd, Zr, and O, according to EDS analysis in 
(Fig. 1c). It separated the matrix from contact with fluids, therefore 
significantly increased the corrosion resistance of WE43. In addition, a 

transition layer (II) appeared between the matrix and oxide layer 
because of the migration of Y. Fewer Mg-RE secondary phases existed in 
transition layer compared to the matrix (Ш), limiting the galvanic 
reaction. 

We also examined the surface morphology of the magnesium alloy 
scaffolds with various pore diameters using scanning electron micro
scopy (SEM). The scaffold surfaces were smooth and dense with no 
visible defects, and the surface morphologies of the magnesium alloy 
scaffolds with different pore sizes were similar (Fig. 2b–d). Then, we 
used a universal testing apparatus to perform compression tests on the 
various scaffolds, and Fig. 2g shows the stress‒strain curves of the 
various scaffolds with different pore sizes. The pore size had a significant 
effect on the compressive strength and elastic modulus of the scaffolds. 
According to the findings, the compressive strength and elastic modulus 
of the P500 group were 78.48 MPa and 1.22 GPa, those of the P800 
group were 74.62 MPa and 1.11 GPa, and those of the P1400 group were 
66.81 MPa and 1.03 GPa, respectively. It is also important to note that 
the compressive strength of all the scaffolds was similar to the me
chanical characteristics of natural trabecular bone with the same 

Fig. 1. (a–b) SEM images at the cross sections of the scaffolds with and without and HTO treatment, (c) EDS analysis at the oxide layer HTO scaffolds.  
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porosity (10–70 MPa) [22]. 
To make metal scaffolds suitable for the treatment of bone defects, 

their mechanical properties must match those of normal bone tissue to 
avoid limitations related to insufficient support strength or stress 
shielding [31]. 

3.2. In vitro degradation analysis 

In this study, an in vitro degradation analysis was performed to 
evaluate the degradation behavior of the magnesium scaffolds with 
different pore sizes. Fig. 3a shows the morphology of the degradation 
products. After seven days of immersion, the scaffold surfaces were 
completely coated in degradation products. A few needle-shaped crys
tals also developed on the surface. EDS measurements were conducted 
on the area of interest, as shown in Supplementary Fig. 2. The degra
dation products on the scaffold surface were composed of Mg(OH)2. The 
surfaces of the scaffolds exhibited calcium and phosphorus enrichment, 
indicating the deposition of calcium phosphate [32,33]. 

The scaffolds were further observed after 7 days of degradation 
based on reconstructed micro-CT images. The degradation products 
loosely adhered to the pillar’s surface. While only a tiny number of 
degradation products were observed on the outer layer, major degra
dation products were observed in the middle of the scaffolds (Fig. 3b). 

Fig. 3c-d shows the release of magnesium ions and the pH value of 
the porous scaffolds at various time points. With prolonged incubation 
time, the amount of magnesium ions released and pH value continuously 
increased. The magnesium scaffolds with three different pore sizes 
exhibited different degradation rates. Generally, considerable increases 
in the degradation rate can be caused by greater surface areas [34]. 
Compared with the P800 and P1400 groups, the P500 group had a larger 
surface area that was exposed to the medium. Therefore, the amount of 
magnesium ions released and the pH value increased to a greater extent 

in the P500 group than in the P800 and P1400 groups. 
Therefore, the pore size is of significant importance for modulating 

the degradation behavior of additively manufactured porous 
magnesium. 

3.3. Cytocompatibility of BMSCs treated with sample extracts 

We further evaluated the adhesion of cells to the scaffolds using 
electron microscopy. BMSCs were directly seeded onto the HTO scaf
folds in the P500, P800, and P1400 groups, as well as onto L-PBF (1400 
μm in pore size) scaffolds as a control. We found that BMSCs could 
adhere well to the surfaces of the HTO scaffolds in the P500, P800, and 
P1400 groups, extending pseudopodia and connecting with other cells. 
In contrast, the BMSCs seeded on the surface of the L-PBF sample con
tracted and detached, indicating relatively poor cell adhesion. Further
more, we observed numerous corrosion cracks on the L-PBF sample 
surface, while no such cracks were observed on the surface of the HTO 
samples (Fig. 4a). 

These findings may be attributed to the detrimental effects of 
excessive amounts of magnesium ions and hydrogen, which are gener
ated by the rapid degradation of L-PBF samples, on cell viability and 
adhesion [35]. In contrast, the formation of an oxide layer on the surface 
of the HTO scaffolds inhibits the production of excessive amounts of 
magnesium ions and hydrogen. Moreover, rare earth oxide has a higher 
surface energy than pure magnesium, which is also favorable for cell 
adhesion [36]. 

The ISO 10993 standard-based cell toxicity test was initially devel
oped for the analysis of nondegradable metals and polymers. An 
increasing amount of data suggests the possibility that these criteria are 
inappropriate for degradable magnesium alloys [37]. In vivo, magne
sium and hydroxyls that are released are swiftly diluted by bodily fluids 
in the area and are quickly removed from circulation; these processes are 

Fig. 2. (a) Fabrication of magnesium scaffolds using the L-PBF additive manufacturing technique. (b–d) Scanning electron microscopy (SEM) images of magnesium 
alloy scaffolds with varying pore sizes of 1400, 800, and 500 μm. (e) Young’s modulus, (f) compressive strength, and (g) stress-strain curves of the porous scaffolds 
with different pore sizes. Statistical significance is indicated by *p < 0.05, **p < 0.01, and ***p < 0.001. 
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poorly mimicked by in vitro environments. To better simulate in vivo 
conditions, we diluted extracts by 10 fold for use in the in vitro cell 
toxicity assay and in vitro osteogenic performance evaluation [38]. 

As shown in Fig. 4b, BMSCs were cultured in 10% extract for 7 days, 

and live/dead staining demonstrated a wide distribution of cells with 
healthy spindle shapes. Quantitative cell counting showed that all the 
groups had at least 80% viable cells, and no statistically significant 
difference was observed among the groups (Fig. 4d). These results 

Fig. 3. (a) SEM image and (b) 3D reconstructed micro-CT images of the degradation products from the magnesium scaffolds with different pore sizes. (c) Magnesium 
ion release and (d) pH value changes of the porous scaffolds with different pore sizes. Statistical significance is indicated by *p < 0.05, **p < 0.01, and ***p < 0.001. 
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indicate that the HTO scaffolds exhibit good biocompatibility. 
As shown in Fig. 4c, flow cytometry analysis indicated that there was 

no significant decrease in cells that were not stained with annexin V and 
PI in the experimental groups compared to the control group. In the 
P500 group, 97.62% of the cells were unstained, while in the P800 and 
P1400 groups, 96.96% and 96.49% of the cells were unstained, 
respectively. The groups did not significantly differ from one another 
(Fig. 4e). To further quantify cell toxicity, the viability of BMSCs that 
were cultured in 10-fold diluted extracts was measured, and the results 
are shown in Fig. 4f. The cell viability in all the groups exceeded the 
cytotoxicity threshold (≥75%), indicating good cell compatibility, and 
there was no statistically significant difference among the groups. 

To assess how different scaffold pore sizes affect BMSC osteogenic 
potential, we conducted in vitro osteogenic assessments by culturing 
BMSCs with sample extracts. ALP is a key player in osteoblast devel
opment and is an early indicator of osteogenesis, and ALP levels were 
first evaluated by staining and activity quantification [39,40]. The three 
sheet-gyroid scaffold groups (P500, P800, and P1400) showed larger 
ALP staining areas than the control group (Fig. 5a). On day 14, the P500 
group further showed the largest staining area. Quantitatively, the 
staining area of the P500 group was twice that of the P1400 group and 
four times that of the control group on day 14 (Fig. 5b). 

To evaluate the level of mineralization of the extracellular matrix 
(ECM) of BMSCs that were cultured on scaffolds with different pore 
sizes, Alizarin Red staining was performed, as it is a common method for 

assessing ECM mineralization in cells or tissues [41,42]. The Alizarin 
Red staining results showed an increase in calcium nodule deposition in 
the P500, P800, and P1400 groups after 21 days of culture (Fig. 5c). 
Semiquantitative analysis of Alizarin Red staining using 1% cetylpyr
idinium chloride (Sigma) showed that the P500 group exhibited twice 
the amount of mineralization compared to the P1400 group after 21 
days (Fig. 5d). 

In addition, analysis of osteogenic protein expression in BMSCs, 
including osteogenic proteins such as RUNX-2, Sp7, and BMP-2, sup
ported the view that magnesium alloy scaffolds can promote BMSC 
osteogenic differentiation (Fig. 5e–h). The findings demonstrated that 
magnesium alloy scaffolds efficiently enhanced BMSC osteogenic dif
ferentiation compared to the control group, with the P500 group 
showing the best effect due to its largest surface area. 

3.4. Osteogenesis efficacy of magnesium scaffolds in vivo 

To study the effects of the scaffolds with various structures on bone 
repair in vivo, we further established a rabbit femoral condyle defect 
model. Four types of implants were administered, including WE43 
porous scaffolds with three different pore sizes (P500, P800, and P1400) 
and calcium sulfate bone cement as a control. During the experiment, all 
the rabbits exhibited normal behavior and similar activity. There were 
no observable signs of infection or inflammation. 

One day following surgery, X-rays revealed that the experimental 

Fig. 4. (a) Morphology of bone marrow-derived mesenchymal stem cells (BMSCs) on the surface of L-PBF and heat-treated (HTO) scaffolds with varying pore sizes, 
as-built scaffolds were employed as a control. (b) Live/dead fluorescent staining and (c) apoptosis test of BMSCs after incubation for 7 days in scaffolds with varying 
pore sizes. (d–e) Statistical analysis of the proportion of viable cells in the live/dead fluorescent staining and apoptosis test. (f) Cell proliferation assay of BMSCs 
cultured in extracts for different periods. Statistical significance is indicated by *p < 0.05, **p < 0.01, and ***p < 0.001. 
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model had been successfully established. The WE43 porous scaffold 
structure was still clearly visible 4 weeks after surgery (Fig. 6a), indi
cating that the scaffold had not significantly degraded and had good 
structural integrity. In the bone cement group, the calcium sulfate bone 
cement disappeared, and no residual signs of the implant were observed. 
X-rays showed that all three magnesium alloy scaffold groups had high- 
density new tissue growing inside the defect, demonstrating progressive 
new bone regeneration. 

Specimens were collected 4 weeks after implantation, and all the 
implants were found to be wrapped in soft tissue without obvious 
inflammation. Micro-CT reconstructions were used to evaluate new 
bone formation inside the scaffolds (Fig. 6b). More new bone was 
formed in the magnesium alloy scaffold group than in the control group. 
Statistical analysis further showed that the P500 group had significantly 
higher BV/TV, BSA/BV, and Tb.N values than the P800 and P1400 
groups at 4 weeks after implantation (Fig. 6c–e), whereas the residual 
scaffold volume in the P1400 group was substantially greater than that 
in another two porous scaffold group (Fig. 6f). 

The defect in the WE43 porous scaffold group was surrounded by 
more new bone, and some new bone was visually connected to the WE43 
scaffold. In the bone cement group, more new bone was observed in the 
defect area than at 4 weeks, but the new bone was disordered, and most 
of the bone defect remained visually empty. 

Methylene blue/acid fuchsin staining was performed at the defect 
site to better describe the osteogenic effect of the WE43 scaffold after 
surgery. After four weeks, the pores were filled with new bone, which 
further filled the bone defect region. Overall, the implanted WE43 
porous scaffold demonstrated bone regeneration. However, the bone 
tissue was mainly immature woven bone, and well-reconstructed 
lamellar bone was not observed. 

Calcein (green) were selected to label the newly formed bone. The 
magnesium alloy scaffold group had a significantly higher rate of bone 

ingrowth than the control group, indicating that the magnesium alloy 
scaffold can promote new bone infiltration (Fig. 7). The amount of new 
bone tissue growth differed among the groups, and the P500 group had 
the highest amount of new bone tissue, indicating that the P500 scaffold 
had the best potential to support new bone formation (Fig. 8). These 
outcomes were consistent with the micro-CT results. 

3.5. Bioinformatics analysis of BMSCs treated with sample extracts 

Based on these results, we performed an RNA-seq analysis on the 
P500 group to further evaluate the effect of the sample extract on BMSC 
function and the underlying mechanism. The volcano plots showed that 
the mRNA expression patterns of the P500 group were obviously 
different from those of the control group, which indicated changes in the 
gene expression of BMSCs that were cultured with the extract derived 
from the P500 scaffolds. We used Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analyses to study the 
activated functions and pathways. The GO analyses show that upregu
lated pathways in P500 group were actin cytoskeleton reorganization, 
apical plasma membrane and BMP signaling pathway, which are related 
to cytoskeleton reorganization, membrane structure assembly and 
osteogenic properties. KEGG enrichment analysis suggested that some 
upregulated terms, including the calcium signaling pathway, focal 
adhesion, ECM-receptor interaction and Wnt signaling pathway, were 
correlated with cytoskeleton reorganization and biomineralization. 
Interestingly, this result was consistent with the osteogenic protein 
expression in P500 group, including osteogenic proteins such as RUNX- 
2, Sp7, and BMP-2. Runx2 and Sp7 are considered as key nodes in the 
regulatory network of osteogenic differentiation [43]. Runx2 can pro
mote the expression of major extracellular matrix proteins (including 
ALP, osteocalcin (OCN), osteopontin (OPN), and bone sialoprotein 
(BSP)) in chondrocytes and osteoblasts [44,45], and activate the 

Fig. 5. (a) Alkaline phosphatase (ALP) staining and (b) ALP activity of BMSCs after 14 days of culture in extracts of scaffolds with varying pore sizes. (c) Alizarin red 
staining and (d) semi-quantitative analysis of mineralization after 21 days of culture. (e–h) Western blot results of the protein levels of RUNX-2, Sp7, and BMP-2 in 
BMSCs cultured in extracts for 14 days. Statistical significance is indicated by *p < 0.05, **p < 0.01, and ***p < 0.001. 
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expression of Sp7 [46]. Sp7 also drives the expression of extracellular 
matrix in osteoblasts [46,47]. BMP2 molecule plays an important role in 
inducing osteogenic differentiation. Previous literature has shown that 
RUNX2 is stabilized by BMP2-activated ERK/MAP kinase to promote 
osteoblast differentiation [48]. The canonical Wnt signaling pathway 
also acts on Runx2 to regulate osteogenic cell differentiation and bone 
formation [49]. Furthermore, the heatmap of the differentially 
expressed genes showed the upregulation of Mapk13, Tp53inp1 and 
Tlr4, which are also related to the process of bone regeneration. 

4. Conclusions 

In this study, we found that high temperature oxidation improves the 
corrosion resistance of magnesium scaffold. And we successfully pre
pared WE43 magnesium alloy scaffolds with three different pore sizes 
(P500, P800, and P1400 groups). We discovered that the mechanical 
characteristics of the P500 scaffolds were much better than those of the 
other two scaffolds at the same porosity (60%). In vitro and in vivo in
vestigations showed that the WE43 magnesium alloy scaffolds supported 
the survival of BMSCs and did not cause any local toxicity. Due to its 
larger specific surface area, the P500 scaffold released more magnesium 
ions within reasonable range and showed improved osteogenic differ
entiation of BMSCs compared with the other two groups. In a rabbit 
femoral condyle defect model, the P500 group demonstrated unique 
performance in promoting new bone formation, indicating its great 
potential for bone defect regeneration therapy. 
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