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Abstract

In orthopedics, the effective treatment of bone defects remains a major challenge. Magnesium (Mg) metals, with
their excellent biocompatibility and favorable osteoconductivity, osteoinductivity, and osseointegration properties,
hold great promise for addressing this issue. However, the rapid degradation rate of magnesium restricts its clinical
application. In this study, a triply periodic minimal surface (TPMS)-structured porous magnesium alloy (Mg-Nd-
Zn-Zr, JDBM) was fabricated using the laser powder bed fusion (LPBF) process. Strontium-doped octacalcium
phosphate (SrOCP) and strontium hydrogen phosphate biphasic composite coatings were applied to the surface
of the scaffolds. The results showed that the TPMS structure exhibited porous biomimetic characteristics that
resemble cancellous bone, promoting vascular ingrowth and new bone formation. Additionally, the SrOCP coating
significantly increased the surface roughness and hydrophilicity of the scaffold, which enhanced cell adhesion and
osteogenic differentiation. The SrTOCP coating also markedly reduced the degradation rate of the JDBM scaffolds
while ensuring the sustained release of bioactive ions (I\/lgz*, Zn**, Sr**, and Ca®*), thus maintaining the scaffolds’
biofunctional activity. Compared to JDBM scaffolds, JDBM/SrOCP scaffolds exhibited better biocompatibility and
stronger vascularization and bone regeneration capabilities both in vitro and in vivo. Overall, this study presents

a novel strategy for the repair of bone defects using magnesium-based biomaterials, providing new insights for

future clinical applications.
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Introduction

The number of patients suffering from bone defects
caused by multiple illnesses, including Osteoporosis
(OP), trauma, infection, and tumor resection, is gradu-
ally increasing with the aging population [1, 2]. Muscu-
loskeletal disorders resulting from the aforementioned
causes impose an estimated annual burden of $136.8 bil-
lion in the United States [3]. Despite significant advances
in medical treatments, the effective treatment of bone
defects remains a major challenge for both patients and
orthopedic surgeons worldwide [4]. Autologous bone
grafting [5] is the gold standard for treating bone defects,
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with over 2 million patients undergoing the proce-
dure annually. However, its clinical application is highly
restricted by limitations in natural bone sources [6], as
well as structural and vascular damage at donor sites.
Furthermore, although allogeneic bone [7] transplan-
tation could somewhat alleviate the shortage of bones,
immune rejection and potentially pathogenic bacteria
remain significant causes of surgical failure [8, 9]. On
the other hand, although bioceramic materials [9] have
gained considerable attention due to their favorable bio-
compatibility, their brittleness and other drawbacks hin-
der their widespread clinical adoption. Metal materials
[10] commonly used in clinical practice, such as stainless
steel, titanium, and tantalum, have also demonstrated
good biosafety while providing stable mechanical support

for bone defect areas, but these non-degradable materi-
als possess high elastic moduli, making them highly sus-
ceptible to stress shielding and secondary fracture risks
[11]. Specifically, external forces could lead to compli-
cations such as implant loosening or resorption of sur-
rounding tissues or even adjacent bones around implants
[12]. Therefore, developing suitable alternative biomate-
rials for clinical applications in repairing bone defects is
imperative.

An ideal material [13] for repairing bone defects should
possess biomimetic characteristics [14], specifically a
biomimetic structure [15] and an appropriate microen-
vironment [16]. In other words, to facilitate blood vessel
ingrowth and new bone formation [17], the biomimetic
repair material should have pore sizes and porosity [18]
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comparable to those of natural bone. The repair process
of bone defects is primarily governed by the local micro-
environment [16], which plays a central role through-
out the healing process. An osteogenic and angiogenic
microenvironment is crucial for successful bone defect
repair. Therefore, biomimicking the local microenviron-
ment is of particular importance [16, 19].

Magnesium ion (Mg”*), the fourth most abundant cat-
ion in the human body [20], participates in numerous
biochemical reactions and is a fundamental element in
bone composition. Healthy adults require a daily intake
of 310-420 mg of magnesium to maintain normal body
function [21]. Moreover, Mg®" possesses distinct bio-
safety advantages over other metals. Extensive research
has demonstrated [22, 23] that Mg?" released during the
degradation of magnesium metals or alloys could pro-
mote angiogenesis and facilitate new bone formation,
among other biological functionalities [24]. Notably,
Mg?** exhibits biological properties comparable to growth
factors like Bone Morphogenetic Protein-2 (BMP-2) [25]
and could effectively mitigate the risks associated with
ectopic bone formation or growth factor-induced tumor
induction. Furthermore, magnesium metals or alloys [26]
possess excellent osseointegration properties, enabling
rapid integration into surrounding tissues. Additionally,
among all metallic materials, the Young’s modulus and
compressive strength of magnesium metals or alloys [27]
closely resemble those of natural bone, implying that they
could provide stable mechanical properties, preventing
stress shielding and secondary fractures. Consequently,
magnesium metal is a highly promising candidate for
clinical translation as a metallic biomaterial.

However, the rapid degradation rate of magnesium
metal results in substantial localized accumulation of
Mg>* and hydrogen production [28, 29] within a short
period, creating an alkaline environment with a high
Mg?* concentration. Besides significantly hindering cell
proliferation, this increased local Mg?* concentration and
the resulting alkaline environment also impede the for-
mation of new bones and blood vessels. Moreover, hyper-
magnesemia [30] can lead to severe complications such
as neuromuscular paralysis and cardiac arrest, thereby
diminishing the biosafety and activity of magnesium
metal. Therefore, discovering avenues for inhibiting the
rapid degradation of magnesium metal is vital for its clin-
ical application.

The modification of magnesium metal is a crucial
research area. There have been many relevant studies
on the modification of magnesium metal. For example,
Qin et al. [31] added magnesium particles to PLGA and
PCL polymer materials and employed three-dimensional
(3D) printing to prepare porous scaffolds with excel-
lent biosafety and osteogenic abilities. Although these
scaffolds could sustain Mg?* release, they exhibited
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poor mechanical properties and were unsuitable for
bone defect repair at weight-bearing sites. Further-
more, magnesium and many other related alloys, mainly
magnesium-calcium [32], magnesium-zinc [33], and
magnesium-aluminum [34], among others [35], have
been examined for many years. These alloys have dem-
onstrated good biocompatibility and osteogenic perfor-
mance, and their degradation rates have been somewhat
effectively controlled. However, high concentrations of
ions in the degradation products of some of these alloys
necessitate further investigation of their biosafety. Fur-
thermore, the alloying strategy has not fully addressed
the rapid degradation rate of magnesium. The introduc-
tion of bioactive coatings [36, 37] on the surface of mag-
nesium metals to further reduce their degradation rate
has recently shown promising results. Some of these
coatings included calcium-phosphorus [38], zinc-phos-
phorus [39], and magnesium-phosphorus [40], which
have gained significant research attention due to their
excellent corrosion resistance properties. Yan et al. [41]
compared the calcium-phosphorus coating with the
strontium-phosphorus coating and found that although
they possessed comparable corrosion resistance proper-
ties, the latter showed better biofunctionality. Therefore,
the introduction of the strontium element may pro-
vide a novel direction for research on magnesium metal
coatings.

This study aims to develop a dual-biomimetic porous
material that mimics both the physical structure and
the physiological microenvironment of natural bone.
Specifically, we fabricated a TPMS-structured Jiao Da
Bio-Magnesium(JDBM) porous magnesium alloy scaf-
fold using the Laser Powder Bed Fusion (LPBF) 3D
printing process. A Ca-P coating was in situ deposited
on the surface through chemical deposition, while bio-
logically active strontium was innovatively introduced.
The Ca-P coating was hydrothermally transformed into
a uniform, dense dual-phase composite nanocoating
structure comprising a Strontium-doped Octacalcium
Phosphate (Sr-OCP) and strontium hydrogen phosphate.
The goal was to explore the applicability of composite
nanobioactive-coated porous magnesium alloy scaffolds
(JDBM/SrOCP) in bone defect regeneration. Additive
manufacturing could reproduce the physical structure
of natural bone (mimicking its porosity and pore size),
enabling neovascularization and new bone formation.
We hypothesize that SrOCP nano-bioactive coatings
could further reduce the degradation rate of magnesium
metal. At the same time, the SrOCP nano-bioactive coat-
ing increases the surface area and roughness of the mag-
nesium scaffolds, providing numerous attachment points
and biological sites for the cells. During the regeneration
process, this surface structure facilitates the cell-scaffold
interaction.This study systematically investigated the
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properties of the 3D-printed porous magnesium metal
scaffolds(Video) with composite nanobioactive coatings
both in vitro and in vivo. The scaffolds were character-
ized using Scanning Electron Microscopy (SEM), Energy
Dispersion Spectroscopy (EDS), X-ray Diffraction (XRD),
Atomic Force Microscopy (AFM), a Contact Angle (CA)
goniometer, and Inductively Coupled Plasma Emission
Spectroscopy (ICP-OES). The biocompatibility and bio-
logical functionality of the scaffolds were assessed in
vitro using Human Bone Marrow Mesenchymal Stem
Cells (HBMSCs) and Human Umbilical Vein Endothelial
Cells (HUVECsS). Finally, both scaffolds’ osteogenic and
angiogenic capabilities were confirmed using a Sprague
Dawley (SD) rat femoral condyle bone defect model.

Results

Construction and characterization of biomimetic scaffolds
In this study, the TPMS-structured porous magnesium
alloys prepared via the LPBF process exhibited both
structural and functional dual-biomimetic properties
(Fig. 1A). The structural parameters are shown in Table 1.
The JDBM and JDBM/SrOCP scaffolds had pore diam-
eters of 728.57 £ 12.64 pm and 666.39 + 13.39 um, respec-
tively, with corresponding porosities of 72.08 + 1.26% and
65.58 £ 1.69%. Both scaffolds were highly interconnected,
with 100% connectivity (Table 1). Regarding the mechan-
ical results, compared to the JDBM scaffold, the JDBM/
SrOCP scaffold (Fig. 1B-D) exhibited superior compres-
sive strength [(59.81+0.83) MPa vs. (42.07+0.27) MPa]
and Young’s modulus [(0.91+0.08) GPa vs. (0.81+0.04)
GPa], demonstrating that the composite coating did not
affect the scaffold’s mechanical properties.

Furthermore, SEM and EDS analyses revealed that the
JDBM scaffold had a smooth surface with no observable
metal particles, confirming its integrity (Fig. 1E-F, Fig.
S1, Supporting Information 1). Magnesium, neodymium,
zinc, and zirconium were uniformly distributed on the
scaffold’s surface, with magnesium exhibiting the highest
content. On the other hand, the JDBM/SrOCP scaffold
had a rough surface with uniformly distributed micro-
spheres self-assembled from nanoparticles (NPs). Cal-
cium, phosphorus, strontium, and magnesium were also
uniformly distributed on this surface, with calcium and
phosphorus showing higher levels. XRD analysis con-
firms that the preparation method for the JDBM/SrOCP
scaffold coating is correct (Supplementary Material 1,
Fig. S4).The porous magnesium metal scaffolds were
examined before and after surface modification using
AFM and CA techniques (Fig. 1G-I). According to the
results, JDBM/SrOCP scaffolds had a significantly higher
surface roughness than JDBM scaffolds. Additionally,
JDBM/SrOCP scaffolds had a notably smaller water con-
tact angle than JDBM scaffolds and showing improved
surface hydrophilicity. These findings collectively suggest
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that the composite coatings increased the scaffold’s sur-
face area and enhanced the cell adhesion environment.

In vitro degradation behavior of biomimetic scaffolds
The scaffolds’ degradation behavior was further evalu-
ated using immersion experiments. The pH tests revealed
that both scaffolds exhibited an upward trend in pH lev-
els during the initial stage of immersion (Fig. 2A). Nota-
bly, the extract from the JDBM scaffold showed the most
rapid increase, reaching a pH of 9.5 on the first day and
over 10 by the fifth day, respectively, and thereafter main-
tained a gradual rise. On the other hand, the JDBM/
SrOCP scaffold showed a slight increase in pH during its
early stage, which consistently remained below 9.5 after-
ward and gradually decreased in the later stages. Regard-
ing the ion release rate (Fig. 2B-E), Mg”* was explosively
released from the JDBM scaffold during its initial phase,
with nearly half of the total release occurring within three
days. The release rate slowed down in the subsequent
days. On the other hand, the JDBM/SrOCP scaffold
exhibited a significantly lower Mg?* release rate within
the first three days at ~10% of the total release. Although
the JDBM/SrOCP scaffold had a slight upward trend in
the Mg”* release rate in the subsequent days, it remained
considerably lower than that of the JDBM scaffold.
Furthermore, Ca, Sr, and P exhibited a comparable
release rate trend from the JDBM/SrOCP porous scaf-
fold during degradation (Fig. 2D, E). The scaffold exhib-
ited a rapid initial release rate within the first three days,
followed by a gradual slowdown. Figure 2C shows the
remaining mass percentages of the JDBM and JDBM/
SrOCP scaffolds. After two weeks of immersion experi-
ments, JDBM scaffolds retained ~50% of their original
mass, whereas JDBM/SrOCP scaffolds lost only~ 10%.
The scaffolds’ surface composition and morphological
characteristics post-immersion were visualized using
XRD and SEM. The XRD results showed that hydroxy-
apatite-like substances mainly dominated the surface
products of JDBM/SrOCP scaffolds post-immersion,
whereas magnesium hydroxide and other substances
mainly dominated the surface of JDBM scaffolds post-
immersion (Fig. 2F, Supporting Information 1, Fig. S5).
The SEM results (Fig. 2G, Supporting Information 1,
Fig. S2) revealed numerous cracks and columnar crys-
tals on the surface of the JDBM scaffold. On the other
hand, EDS analysis revealed a uniform distribution of ele-
ments on the JDBM scaffold’s surface, primarily compris-
ing magnesium. Although JDBM/SrOCP scaffolds did
not have significant cracks and were still covered with a
micro-nanocomposite coating on the surface, EDS analy-
sis showed a uniform distribution of various elements
including Sr, Ca, P, Mg, and other elements on their sur-
face, with Ca and P having the highest content. These
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Fig. 1 Characterization and surface analysis of the scaffolds. (A) Representative photographs of scaffolds. (B) Stress-strain curves of JDBM scaffold and
JDBM/SrOCP scaffold. (€) Young's modulus. (D) Compressive strength. (E) Surface morphology and elemental distribution of JDBM scaffolds and JDBM/
SrOCP scaffolds examined by SEM and EDS. (F) different element contents on the surface of JDBM scaffolds and JDBM/SrOCP scaffolds examined by EDS.
(G) Surface micromorphology of JDBM scaffolds and JDBM/SrOCP scaffolds examined by AFM. (H) water contact angle and (1) statistically analyzed.n=3.
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Table 1 Macropore size, porosity and connectivity of scaffolds

Group(n=3) JDBM JDBM/SrOCP  CAD model
Macropore size(um)  72857+1264  66639+1339 710
Porosity(%) 72.08+1.26 65.58+1.69 69.73
Connectivity (%) 100 100 100

findings confirm the excellent corrosion resistance of the
JDBM/SrOCP scaffold.

In vitro biocompatibility of biomimetic scaffolds

Figure 3 shows the results of biocompatibility experi-
ments. Scaffold extracts were prepared following inter-
national standards and co-cultured with HBMSCs and
HUVEGCs, respectively. On the seventh day, live and
dead staining revealed a significant number of viable
cells (both HBMSCs and HUVECS) in all three different
culture environments (Fig. 3A, B). Notably, the J]DBM/
SrOCP group exhibited a remarkably lower number of
dead cells than the blank group. However, the number of
dead cells (both HBMSCs and HUVECs) was higher in
the JDBM group. The viability of HBMSCs and HUVECs
was further assessed using the CCK-8 assay (Fig. 3C, D).
The HBMSC viability test revealed that the JDBM/SrOCP
group significantly promoted HBMSC growth compared
to the blank group (Fig. 3C). On the first day, the pro-
liferation of HBMSC in the JDBM group was slightly
inhibited but it subsequently increased. The HUVEC via-
bility assay indicated (Fig. 3D) that compared to the blank
group, the JDBM/SrOCP group did not exert a significant
pro-proliferative effect on HUVECs on the first day, but
later demonstrated a significant pro-proliferative effect in
the subsequent days. On the other hand, the intervention
of the JDBM group in HUVECsS seemed to slightly inhibit
proliferation. Furthermore, the Ki67 cell proliferation
assay results revealed (Fig. S1-S2, Supporting Informa-
tion 2) that compared to the blank group, the population
of both cell groups in a proliferative state after the inter-
vention of the JDBM and JDBM/SrOCP groups was sig-
nificantly higher, with the JDBM/SrOCP group showing
the highest number of cells.

Herein, HBMSCs were co-cultured with different scaf-
folds through indirect contact for the immunofluorescent
detection of Vinculin expression (Fig. S3, Supporting
Information 2). Compared to the control group, both the
JDBM and JDBM/SrOCP groups exhibited significantly
higher adhesion plaque expressions, with the JDBM/
SrOCP group showing the highest expression. The focal
adhesion protein was primarily localized in the cyto-
plasm distal to the nucleus, whereas in the control and
JDBM groups, it was mainly localized in the cytoplasm
proximal to the nucleus. The morphological features of
HBMSCs on the surface of the JDBM/SrOCP scaffold
were further examined using SEM. According to the
results (Fig. 3E), HBMSCs adhered to and spread across
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the scaffold’s surface, showing cellular proliferation states
characterized by elongation and filamentous extensions.
These findings confirm the excellent biocompatibility of
the JDBM/SrOCP scaffold.

In Vitro osteogenic properties of biomimetic scaffolds

The osteogenic effect of JDBM/SrOCP scaffolds was
assessed through alkaline phosphatase and alizarin red
staining. Alkaline Phosphatase (ALP) is an early marker
of HBMSC osteogenic differentiation. The ALP results
(Fig. 4A, B) were observed after co-culturing two groups
of HBMSCs with extracts from JDBM and JDBM/SrOCP
scaffolds and subjecting them to osteogenic induction
for 7 and 14 days, respectively. All groups exhibited posi-
tive staining at the predetermined time points, with the
JDBM/SrOCP group showing the most intense stain-
ing throughout the experiment. Furthermore, the most
intense staining was observed on day 14, and the control
group showed the weakest staining intensity across all
time points. Mineral deposition is a crucial foundation
for new bone formation. After co-cultivation of HBMSCs
with extracts from JDBM and JDBM/SrOCP scaffolds,
along with osteogenic induction for 21 days, alizarin red
S staining revealed (Fig. 4C) that the JDBM/SrOCP group
had the highest number of calcium nodules, followed by
the JDBM group.

Real-time Polymerase Chain Reaction (Rt-PCR) and
IF staining were used to assess the expression of crucial
target genes and proteins during the JDBM/SrOCP scaf-
fold-induced HBMSC osteogenic differentiation. Given
that the osteogenesis process is time-dependent, we co-
cultured HBMSCs with osteogenic extracts from JDBM
and JDBM/SrOCP scaffolds to examine osteogenic genes
and proteins on days 7 and 14, respectively. The RT-
PCR results demonstrated that compared to the JDBM
group, the expression of early osteogenic genes (ALP,
COL1, and Runx2) was significantly higher in the JDBM/
SrOCP group after seven days of Conditioned Medium
(CM) culture (Fig. 4D-F). Moreover, both groups showed
higher expression levels compared to the blank group.
These results (Fig. 4H, Figs. S4-S5, Supporting Informa-
tion 2) were consistent with IF staining for correspond-
ing osteogenic proteins (COL1 and Runx2). After 14 days
of co-culture, RT-PCR and IF analysis revealed (Fig. 4G,
H-L, Figs. S6-S7, Supporting Information 2) the upregu-
lation of the late osteogenic marker gene (OCN) and
osteogenic proteins (OCN and OPN). These findings
confirmed the favorable osteogenic properties of JDBM/
SrOCP scaffolds.

Effects of biomimetic scaffolds on HUVEC migration and
angiogenesis

The cancellous bone is highly vascularized, and rapid
neovascularization is required for efficient bone defect
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repair. Therefore, scaffold implantation-induced vascu-
larization is crucial for bone regeneration. The HUVEC
migratory capacity was evaluated through scratch and
Transwell assays following in vitro co-culture with

extracts derived from JDBM and JDBM/SrOCP scaffolds.
According to the scratch experiment results (Fig. 5A, B),
the JDBM/SrOCP group had a higher healing rate than
the JDBM and blank groups, with the blank group having
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the lowest healing rate. The Transwell experiment results
(Fig. 5C, D), on the other hand, showed that the number
of migrated HUVECs was highest in the JDBM/SrOCP
group and lowest in the blank group.

The impact of the JDBM/SrOCP scaffold on HUVEC
vascularization in vitro was assessed using the tube for-
mation assay. According to the results (Fig. 5E), HUVECs
treated with the extract from the JDBM/SrOCP scaffold
exhibited distinct and uninterrupted tubular structures
within 6 h, whereas those treated with extracts from
either the JDBM group or blank group showed frag-
mented tubular structures within the same period. The
total tubule length and the number of nodes and junc-
tions were quantified using Image] software. The results
demonstrated (Fig. 5F-H) that all angiogenesis param-
eters were significantly higher in the JDBM/SrOCP
group than in both the JDBM and blank control groups.

Notably, the blank control group exhibited the lowest
values for these parameters. Furthermore, the expres-
sions of angiogenesis-related genes (CD31 and VEGF)
were detected using RT-PCR. The results showed that the
JDBM/SrOCP group significantly upregulated the tran-
scriptional levels of CD31 and VEGF (Fig. 51, J). These
findings confirmed the enhanced angiogenic potential of
the JDBM/SrOCP scaffolds.

The mechanism underlying the osteogenic and angiogenic
properties of JDBM/SrOCP scaffolds

The findings of our previous study confirmed the osteo-
genic and angiogenic properties of JDBM/SrOCP scaf-
folds. However, to further explore the mechanisms
underlying their biological functions, we sequenced the
transcriptome of scaffold extracts after co-culturing
with HBMSCs. The heatmap illustrates the expression



Ye et al. Journal of Nanobiotechnology (2025) 23:160 Page 9 of 25

=)

A Control JDBM JDBM/SrOCP

eex

(-]
]

ren

(=)}
(=}

pression

[}
(35

ALP mRNA ex
S
RUNX2 mRNA expression
H

0- 0-
Control JDBM JDBM/ Control JDBM JDBM/
SrOCP SrOCP

Q

F

6
g g6 .
g peeey ?)’
241 &
o 54
5 < -
& sss é
221 ER)
= iz~

Q

3 3

0.

0.
Control JDBM JDBM/ Control JDBM JDBM/
SrOCP SrOCP

H Control JDBM JDBM/SrOCP Control JDBM JDBM/SrOCP

Col 1
OCN

Runx2
OPN

23
&% 401 ey 30 ] P
29 2 Z- = -
E~0 ‘A 275 g J
g 8 g 5301 g 2% i g 8%
g -2 15] g .= €22 p 0
23 S o 151 o
— (v B =] =]
3 510 3 520 g g1 £ 8151
O @ 3 2 o 8 [olN"]
g AR z10 510
g sl 10, g s
& o = 5 = 5l
0- - 0 - 0- ~
Control JDBM JDBM/ Control JDBM JDBM/ Control JDBM JDBM/
SrOCP SrOCP SrOCP

Fig. 4 In vitro osteogenic differentiation properties. (A) Alkaline phosphatase staining following 7 days of co-culture with HBMSCs. Scale bar: 50 um. (B)
Alkaline phosphatase staining following 14 days of co-culture with HBMSCs. Scale bar: 50 pm. (C) alizarin red staining following 21 days of co-culture with
HBMSCs. Scale bar: 100 um. (D-G) RT-PCR to showed relevant mRNA expression. These genes included ALP, Runx2, Col-1,and OCN. (H) The effects of scaf-
folds on the expression of Col1 (green), Runx2 (red), OCN (red) and OPN (red) at 7 and 14 days. Green shows the skeleton.The nucleus was counterstained
with DAPI (blue). (I-L) Quantification of immunofluorescence intensity. [<0.05 (¥), <0.01 (**), <0.001 (**¥), <0.0001 (****)]



Ye et al. Journal of Nanobiotechnology (2025) 23:160 Page 10 of 25

JDBM/SrOCP

pad

dok

5

Control JDBM JDBM/
SrOCP

=)

500

24h

Ak

-
=3
=]

Hoholck

@

[3%4
(=3
=3

:

No.of transmembrance cells
2
S

Transwell

IDBM/
SrOCP

Control JDBM

=1

original

b Control JDBM JDBM/

J SrOCP
150
2
g 120 ey :
;. o, 7
= 5
g % 2
< <9 311 S
Q21
23]
> 11
0l
Control JDBM JDBM/
F SrOCP
6000 200 50
—_ I
5000 A o
—_ T — wn 40_ i
g 51507 g
2 4000 8 £
X%
) 2 2 g 304
5 =] =
= 3000 A w1001 -}
E = 5 207
€ 20001 g 2
Z 50 >
Z J
1000 == 10
0- 4 i
Control JDBM  JDBM/ Control JDBM JDBM/ Control JDBM JDBM/
SrOCP SrOCP SrOCP

Fig.5 Effect of different scaffolds on HUVECs migration and angiogenesis. (A) Representative images of scratch wound healing assay at 0 and 24 h (scale
bar =200 um). (B) Statistical analysis of wound healing. (C) Representative images of the transwell migration assay at 24 h (scale bar = 100 um). (D) Quan-
titative analysis of migrated HUVECs. (E) The tubular network formation of HUVECs after 6 h incubation (scale bar = 100 um). (F-H) Analysis of difference in
total length (F), number of nodes (G) and junctions (H) between groups. (I, J) RT-PCR to showed relevant mRNA expression. These genes included CD31
and VEGF. [<0.01 (**), <0.001 (***), <0.0001 (****)]



Ye et al. Journal of Nanobiotechnology (2025) 23:160

patterns of differentially expressed genes (DEGs) in
HBMSCs, with red and blue indicating upregulated and
downregulated genes, respectively (Fig. 6A). Specifically,
641 DEGs (P value<0.05 &|log2 Fold Change| > 1) were
identified, of which 448 and 193 were upregulated (red)
and downregulated (green), respectively (Fig. 6B). The
DEGs were annotated using the Gene Ontology (GO)
database (Fig. 6C), and their main focus was on promot-
ing cellular adhesion, proliferation, and migration. These
genes were found to regulate various cell developmen-
tal mechanisms, molecular functions, vascular regen-
eration, and angiogenesis. Enrichment analysis of DEGs
was performed using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database (Fig. 6D) to explore the
potential signaling pathways implicated in osteogenesis
and angiogenesis. The DEGs were upregulated in PI3K-
Akt, cAMP, cell adhesion, Extracellular Matrix (ECM)-
receptor interaction, Mitogen-Activated Protein Kinase
(MAPK), and Wnt signaling pathways. The GO and
KEGG analyses revealed that JDBM/SrOCP scaffolds
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could remarkably enhance cell adhesion and signaling,
guide the formation of vascular systems, and promote
vascular and bone regeneration potential.

In vivo osteogenic and angiogenic properties of the JDBM/
SrOCP Scaffold

Based on the results of in vitro experiments, a rat fem-
oral condylar bone defect model was constructed and
used to further verify the bionic scaffold’s in vivo vas-
cularization and osteogenic properties. The model was
created by drilling a cylindrical defect with a diameter
of 2.6 mm and a depth of 2.8 mm into the right medial
femoral condyle of rats. The animals were then divided
into blank, JDBM, and JDBM/SrOCP groups and
scanned with micro-CT at 4, 8, and 12 weeks. Micro-
CT results (Fig. 7A, B) revealed new bone formation in
all three groups at 4 weeks post-surgery. However, the
blank group exhibited less new bone formation, primar-
ily at the defect periphery, whereas the JDBM and JDBM/
SrOCP groups showed ingrowth of new bone into the
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Fig. 6 Transcriptome study of HBMSCs. (A, B) Significantly differentially expressed genes identified by transcriptome sequencing are shown in the heat-
map and volcano plot, the activated genes are marked in red and the silenced genes are marked in green (blue). Cutoff: P value < 0.05 and|log2 FC| > 1.
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defect area. Further increases in new bone formation
were noted in all three groups at 8 and 12 weeks post-
operation, with the JDBM/SrOCP group showing the
highest amount. Conversely, the blank group showed
minimal new bone formation within the defect area, and
the little that was observed remained concentrated at the
edges. New bone formation was accompanied by scaffold
degradation. Micro-CT reconstruction of the scaffold
revealed (green) that at week 4, the JDBM group showed
localized disintegration and small internal degradation of
its scaffolds, and at weeks 8 and 12, its scaffold structure
disintegrated, with the cavities inside the scaffolds and
the scaffold morphology disappearing. In contrast, only
a localized degradation of the scaffolds was observed in
the JDBM/SrOCP group at the aforementioned times,
with the bulk of the structure remaining intact. Based on
the Micro-CT results observed at the sagittal position
(Fig. 7B), the blank group still showed defective areas at
all three time points, while the JDBM group had localized
vacant areas due to the faster rate of scaffold degrada-
tion, implying that the rate of neoblastic bone generation
was lower than the rate of scaffold degradation. On the
other hand, the JDBM/SrOCP group had a slower scaf-
fold degradation rate with a large number of neoblastic
bone signals distributed in the degradation area. These
findings indicated that the scaffold had a degradation rate
closely matching the new bone generation rate. Micro-
CT analysis parameters (Fig. 7D-G) revealed that the
JDBM/SrOCP group exhibited significantly higher BV/
TV, Tb.N, and Tb.Th levels compared to the other two
groups at all three time points, while an opposite trend
was observed for Tb.Sp. Bone mineral density (BMD)
results exhibited a similar trend 12 weeks following scaf-
fold implantation (Fig. S11, Supporting Information
2).These findings demonstrate superior tissue integra-
tion and an accelerated new bone formation rate in the
JDBM/SrOCP group.

The regeneration rate and early neovascularization
are crucial foundations for bone regeneration. A cylin-
drical defect with a diameter of 2.6 mm and a depth of
2.8 mm was drilled into the right medial femoral condyle
of rats. Herein, regeneration rate and early neovascular-
ization parameters were examined using the rat femoral
condylar bone defect model. The animals were divided
into the blank, JDBM, and JDBM/SrOCP groups, and
then the samples were collected at 4 and 8 weeks post-
surgery, followed by a decalcification-assisted Micro-CT
scanning. According to the results (Fig. 7C, H), all groups
showed neovascularization at 4 weeks post-stent implan-
tation, with the JDBM/SrOCP group exhibiting the high-
est number of neovascularizations. However, at this time
point, neovascularization in all three groups was primar-
ily intermittent and displayed branching characteristics.
At 8 weeks post-implantation, the number of new blood
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vessels decreased to varying extents compared to at 4
weeks. Nevertheless, the JDBM/SrOCP group exhibited
the highest number of new blood vessels, while the blank
group showed the lowest. Blood vessels also appeared
mature and continuous at this stage. These findings indi-
cate that JDBM/SrOCP scaffolds can promote early neo-
vascularization and direct vascular ingrowth into the
scaffold, facilitating sufficient nourishment in the bone
defect area during the initial stage.

Histological evaluation

Figure 8A presents the results of the histological eval-
uation of undecalcified hard tissue sections, with
orange-red and green representing newly formed and
mineralized bones, respectively. Over time, the num-
ber of new bones progressively increased in all three
groups, with the JDBM/SrOCP group having the high-
est number, followed by the JDBM group. The blank
group exhibited the fewest number of new bones, pri-
marily localized at the periphery of the defect area, with
minimal new bone formation within the defect region.
The JDBM and JDBM/SrOCP scaffolds demonstrated
excellent integration with newly formed bones, showing
favorable osseointegration. Before implantation, JDBM
scaffolds exhibited rapid degradation at 4 weeks, charac-
terized by cavities in the defect area. Only a small portion
of the scaffolds remained at 8 weeks, and the cavity size
was partially reduced. Furthermore, at 12 weeks, JDBM
scaffolds were essentially degraded, with some residual
cavities still present. Conversely, JDBM/SrOCP scaf-
folds showed a slower degradation rate. After 4 weeks of
implantation, the scaffold only showed a localized deg-
radation while its main structure remained intact and
filled with newly formed bone tissues. At 8 weeks, further
degradation occurred in the scaffold’s outer layer, but
its core structure was maintained, promoting new bone
formation. Additionally, at 12 weeks post-implantation,
the inner layer of the scaffold began to degrade and was
accompanied by the filling of the inner neoplastic bone
tissue, but without obvious cavity formation. Overall, the
JDBM/SrOCP scaffold showed superior osseointegration
and significantly enhanced the ingrowth of new bone
compared to the JDBM scaffold.

The scaffolds’ early vascularization and bone regen-
eration abilities were further assessed using paraffin
Sections 4 weeks post-implantation. The HE and Mas-
son staining results were consistent with those observed
in hard tissue sections (Fig. 8B, C). Moreover, based on
HE staining, there were no apparent signs of inflamma-
tory reactions or necrosis across all groups. Examination
of vital organs in rats using HE staining also revealed
no apparent inflammation (Figs. S8-S10, Supporting
Information 2), indicating the excellent biocompatibil-
ity of all implanted scaffolds in vivo. The scaffolds’ early
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osteogenic and angiogenesis abilities were further con-
firmed using Immunohistochemistry (IHC) and IF tech-
niques. According to the IHC results (Fig. 8D, E), except
for the blank group, all other groups showed significant
expression of osteogenic markers (OCN and OPN) at
4 weeks. This observation corresponded to the posi-
tive expression of H-type vascular markers (CD31 and
EMCN), as revealed by the IHC staining results (Fig. 8F-
G). We employed IF quantification to further analyze the
disparities in the expression of osteogenic and angio-
genic markers across the experimental groups (Fig. 9A-
F). According to the results, compared to the control
group, both the JDBM and JDBM/SrOCP groups showed
a significantly higher expression of bone markers (OCN
and OPN), with the JDBM/SrOCP group exhibiting the
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highest expression. Since type H vessels are a crucial
component in cancellous bone, the scaffold’s angiogenic
ability in vivo was assessed via IF detection of type H ves-
sels double-labeled with CD31 and EMCN. According to
the results (Fig. 9C, F), compared to the control group,
both the JDBM and JDBM/SrOCP groups exhibited a sig-
nificantly larger area occupied by type H vessels, with the
JDBM/SrOCP group showing the greatest enhancement.
These findings indicate that JDBM/SrOCP scaffolds have
a high potential for vascularized bone regeneration, par-
ticularly at the early stage.
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stained with DAPI (blue). (D-F) The expression difference of related proteins was quantified. [<0.01 (**), <0.001 (***)]
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Discussion

With rapid advancements in tissue engineering, biomi-
metics [42, 43] has presented numerous benefits in vari-
ous fields and has been extensively applied in material
science, biology, medicine, and other disciplines. Inspired
by the unique physiological structure of sea urchins [44],
we developed a biomaterial scaffold with a three-cycle
minimal surface structure (TPMS) and biomimetic prop-
erties. The TPMS [45] surface is exceptionally smooth,
with highly interconnected pores that facilitate cellular
and tissue growth. On the other hand, the LPBF process
has micron-scale precision and can replicate the intricate
structure, porosity, and pore size of natural bone, facili-
tating the production of clinical-grade biomimetic scaf-
folds. Due to its favorable biosafety profile and functional
properties, magnesium metal has gained significant
attention in the production of clinical-grade biomimetic
scaffolds. Herein, the TPMS structural scaffold was
designed using Rhinoceros® 7.0 software, while the bio-
mimetic porous magnesium alloy scaffold was fabricated
using the LPBF process. Mechanical testing revealed that
the porous magnesium metal scaffold had a marginally
higher Young’s modulus and compressive strength than
cancellous bone, ensuring sufficient mechanical sup-
port for the bone defect area dring a specific degradation
period.

In addition, 3D-printed hydroxyapatite, tricalcium
phosphate, and other ceramic scaffolds have been exten-
sively utilized in research related to the repair of bone
defects [3]. Ceramic scaffolds possess calcium and phos-
phorus components similar to those of natural bone,
exhibit good biocompatibility, and can provide a bio-
mimetic microenvironment for bone defects, thereby
emerging as promising materials for clinical application.
Nevertheless, the mechanical properties of 3D-printed
ceramic scaffolds do not fully meet the requirements for
bone defects, particularly those in load-bearing areas.
Moreover, the degradation rate of ceramic scaffolds is
slow, and the degradation rate after implantation into
the bone defect site does not align with the rate of new
bone regeneration, which hinders local bone regenera-
tion to some extent. Therefore, ceramic scaffolds need
modification to fulfill the demands of clinical application.
In contrast, magnesium metal can precisely regulate the
porosity through 3D printing to meet the mechanical
requirements of bone defects. Simultaneously, the strat-
egy of magnesium metal surface modification can opti-
mize the relationship between scaffold degradation and
bone regeneration.

Regulating the degradation rate of magnesium alloy
scaffolds ensures their efficiency in bone remodeling.
Accelerated degradation could lead to the early loss of
mechanical support in the bone defect area. The in vivo
degradation mechanism of magnesium alloy’s [46, 47]
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involves complex electrochemical reactions that pro-
duce Mg(OH), and H, as the main byproducts.These
intermediates significantly influence biocompatibility.
Specifically, an optimal concentration of these inter-
mediates could elicit favorable host responses, whereas
high concentrations could disturb the local equilibrium
and impact the surrounding microenvironment, affect-
ing adjacent tissues. Therefore, the precise regulation of
the magnesium alloy degradation rate directly influences
the biocompatibility and biofunctionality of Mg-based
implants.

Surface composite coatings are an effective strat-
egy for preventing the early and rapid degradation of
magnesium alloys. By obstructing contact between the
medium and the matrix, the coatings could somewhat
reduce the matrix’s corrosion rate during initial implan-
tation. Zhang et al. [47] introduced a composite DCPD
coating onto the surface of 3D-printed pure magnesium
porous scaffolds, achieving a reduced degradation rate
of modified magnesium metal scaffolds and significantly
improving biosafety. On the other hand, Yuan et al. [48]
designed a DCPD coating for magnesium alloy scaffolds
and compared it with the MgF, coating. According to
the results, the DCPD coating exerted stronger protec-
tive effects on the matrix, had a slower scaffold degrada-
tion rate, and enhanced biosafety. Furthermore, Yan et al.
[41] introduced DCPD and Sr-P coatings to the surface
of magnesium alloy scaffolds and found that although
the Sr-P coating exhibited biocompatibility comparable
to the DCPD coating, it demonstrated a more favorable
degradation rate and enhanced biofunctionality. Herein,
we innovatively introduced strontium into the surface
of a DCPD-coated magnesium alloy and hydrothermally
transformed the DCPD coating into SrOCP and stron-
tium hydrogen phosphate biphasic composite structural
bioactive coatings. The composite-coated magnesium
alloy scaffolds showed significantly enhanced surface
roughness and hydrophilicity, offering more anchoring
sites and adhesion forces for cells. These features could
promote cell adhesion and facilitate crucial biological
functions. Besides effectively preventing contact between
the medium and the matrix, the coating also significantly
lowered the release and degradation rates of the JDBM/
SrOCP scaffold compared to the JDBM scaffold. These
effects improved the biosafety of porous magnesium
alloys by prolonging their residence time in vivo, and
enabled the continuous in situ delivery of Mg?*. Although
this study confirmed the composite coating’s protective
effects on the matrix, additional research is required to
precisely control the degradation behavior by adjusting
for key factors such as coating thickness and bonding
strength between the coating and the matrix. Addition-
ally, an accelerated degradation time for the scaffold
was not observed during the tests, indicating a possible
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direction for future research on designing customized
magnesium alloy scaffolds for different stages of bone
defect repair.

Good biocompatibility [49] is a fundamental prerequi-
site in assessing the clinical translatability of biomaterials.
The live and dead staining results (Fig. 3A, B) revealed
that compared to the blank group, the JDBM group
exhibited a higher number of dead cells. In contrast, the
JDBM/SrOCP group showed a similar number of dead
cells as the blank group. Based on these observations,
we hypothesized that an environment high in magne-
sium and alkali concentrations might induce cytotoxic-
ity in damaged cells. This speculation is consistent with
previous findings [22], which posited that elevated Mg>*
concentrations could induce cell apoptosis. Additionally,
as confirmed by the cell proliferation experiment and
electron microscopy results(Fig. 3F), surface-modified
porous magnesium alloy scaffolds showed improved bio-
compatibility, promoting cell adhesion and proliferation.
This finding establishes a solid foundation for subsequent
biofunctionality assessments and applications.

Bone defect restoration is attributed to the concur-
rent processes of new bone formation and angiogenesis
[50]. These processes ensure an adequate supply of nutri-
ents to various stem cells within the defect area, timely
removal of metabolic wastes, and maintenance of the
microenvironment conducive to osteogenesis. Simul-
taneously, in coordination with these processes, angio-
genesis accelerates the bone remodeling rate, ultimately
facilitating rapid repair. It is important to note that [20,
51] effective vascularized bone regeneration following
magnesium metal scaffolds implantation must be estab-
lished within a suitable concentration of magnesium ion
environment. The rapid degradation of magnesium metal
can result in the local accumulation of a large amount of
magnesium ions, disrupting the microenvironment of
bone homeostasis, activating osteoclasts and inhibiting
endothelial cells, thereby hindering bone and vascular
regeneration. Therefore, the biological function of mag-
nesium metal scaffolds must be achieved within the con-
text of continuous and controlled release of magnesium
ions.

The effect of porous magnesium metal scaffolds on
the osteogenic differentiation of mesenchymal stem cells
influences the rate of bone regeneration. The process of
bone defect repair using scaffolds is primarily categorized
into three phases [52]: initial cell adhesion and prolifera-
tion, subsequent osteogenic differentiation, and eventual
extracellular matrix mineralization.ALP, an early marker
for osteogenesis [53]. and RUNX2 [54], a critical tran-
scription factor specific to osteogenesis, modulate the
maturation of osteoblasts as well as intramembranous
and endochondral ossification processes. COL1 [55] is
considered as a marker of osteogenic mineralization and
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the main component of matrix secreted by osteoblasts.
OPN [56] is widely expressed in the extracellular matrix
and influences the adhesion and differentiation of osteo-
blasts. On the other hand, OCN [57] is considered a late
osteogenic marker. In this investigation, compared to the
JDBM scaffold, the JDBM/SrOCP scaffold had signifi-
cantly higher expression levels of early osteogenic genes
such as ALP, RUNX2, and COL1, as well as late osteo-
genic genes like OCN. Moreover, the expression of osteo-
genic proteins including RUNX2, COL1, OCN, and OPN
in HBMSCs was increased when compared to the JDBM
scaffold.

The porous magnesium alloy scaffolds enhanced the
migration ability and tubule formation of HUVECs [58].
In this study, we investigated the impact of scaffold sur-
face modification on HUVEC migration using scratch
and Transwell assays. It was observed that incorporating
JDBM/SrOCP into the scaffold significantly enhanced
HUVEC migration relative to the JDBM scaffolds. The
ability of HUVEC to form tubes in vitro was demon-
strated in this experiment. The results indicated that
the JDBM/SrOCP scaffold exhibited superior vascu-
lar parameters. Guo et al. [17] found that porous poly-
etheretherketone (PEEK) surfaces, printed in 3D and
coated with magnesium, promoted the migration and
tube formation of HUVECs. Similarly, Wang et al. [59]
reported a significant improvement in HUVEC migra-
tion and tube formation capacity following the applica-
tion of composite magnesium coating on hydroxyapatite
surfaces. The transcription factors CD31 and VEGF regu-
late angiogenesis. In this study, the JDBM/SrOCP scaf-
fold significantly upregulated CD31 and VEGF gene
expression, as confirmed by RT-PCR analysis. Therefore,
we suggest that JDBM/SrOCP scaffolds augment the
recruitment, migration, and tube formation capabilities
of HUVEC cells, which is consistent with previous find-
ings [60].

Transcriptomic analyses revealed that the differentially
expressed genes were mainly strongly associated with
cellular adhesion, proliferation, and migration, as well
as the regulation of crucial cell developmental processes
and molecular functions. Therefore, we postulated that
the JDBM/SrOCP scaffolds enhance cellular prolifera-
tion and differentiation by recruiting cells and providing
adhesive sites for cellular attachment. Simultaneously,
the expression of genes associated with tissue regenera-
tion, such as angiogenesis, blood vessel formation, and
bone regeneration, was significantly upregulated. The
crucial signaling pathways including PI3K-Akt, cAMP,
cell adhesion, ECM-receptor interaction, mitogen-acti-
vated protein kinase (MAPK), and Wnt were observed to
be up-regulated. This indicates their potential dominance
in angiogenesis and bone regeneration, offering valuable
insights for our forthcoming mechanism investigations.
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Together with the in vitro results, JDBM/SrOCP scaf-
folds were implanted into the SD rat femoral condyle
defect model to investigate the bone formation effect in
vivo. The growth of new bone in the bone defect area
was analyzed using Micro-CT and non-decalcified hard
tissue sections. In the control group, bone regenera-
tion was restricted to the edges of the bone defect area
as there was no scaffold support, and its growth pattern
proceeded from the periphery towards the center. In con-
trast, in both the JDBM group and JDBM/SrOCP group,
porous scaffolds allowed infiltration of various regen-
erative cells into their pores, promoting close adhesion
and enabling corresponding biological functions. As a
result, the introduction of scaffolds disrupted traditional
bone healing processes, leading to an inside-out healing
mechanism and hastened bone regeneration. During the
initial stage of implantation, the JDBM scaffold showed
rapid degradation. After 4 weeks, corrosion was noted at
the periphery, along with localized internal degradation.
At 8 weeks and 12 weeks post-implantation, the scaffold
had completely disappeared, leading to a loss of mechani-
cal support within the bone defect area. The JDBM/
SrOCP scaffolds exhibited a gradual and uniform degra-
dation pattern, with only slight corrosion observed after
4 weeks of implantation. The corroded area was rapidly
replaced by new bone tissue. After 8 weeks and 12 weeks
of implantation, the periphery of the scaffold degraded
while the inner region was gradually replaced by new
bone tissue. However, the primary structure of the scaf-
fold remained intact thereby providing mechanical sup-
port for bone defect areas. These findings suggest that
JDBM/SrOCP scaffolds possess excellent osseointegra-
tion, osteoconductivity, and osteoinduction properties
and their degradation rate is matches the growth rate of
the new bone. Further research is advocated to address
the degradation rate of scaffolds and changes in their
mechanical properties after implantation in bone defect
areas. This will ensure sustained mechanical support in
these regions.

The rate of neovascularization in the bone defect area
is a key factor influencing the quality of bone regenera-
tion [61]. Adequate and timely vascularization in the area
of bone defect can ensure ample nutrient supply and
abundant oxygen provision to the local region, while also
facilitating the continuous influx of osteoprogenitor cells
and other essential elements.In this study, microvascu-
lar imaging was conducted to analyze early angiogenesis
within the bone defect region. Micro-CT was employed
to assess the initial neovascularization regeneration. The
findings revealed a significant increase in neovascular-
ization in all groups 4 weeks post-stent implantation.
However, at this stage, the neovascularization exhibited
disorganized, discontinuous, and branched patterns,
suggesting an immature state. By the eighth week of
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scaffold implantation, neovascularization was reduced
in all groups. Nevertheless, the blood vessels exhibited
high completeness, continuity, and maturity. CD31 and
EMCN are potential markers for type H vessels, a special-
ized blood vessel subtype in bone that facilitates angio-
genesis and new bone regeneration. Immunofluorescence
quantitative analysis further demonstrated a significant
increase in the positive area of CD31 and EMCN in both
groups, with the JDBM/SrOCP scaffold group exhibit-
ing the largest positive area. The immunohistochemical
and immunofluorescence results of OCN and OPN at 4
weeks after scaffold implantation were similar to those of
type H vessels, indicating that the JDBM/SrOCP scaffold
could effectively promote early vascularized bone regen-
eration in the bone defect area. This observation was
further supported by results of the ion release curve and
tube formation obtained in vitro.

Following a bone defect, various cells converge to cre-
ate a local intricate microenvironment, pivotal in the
repair process. Research suggests [62] that the introduc-
tion of bone materials during implantation can modulate
biological functions by affecting this local microenviron-
ment. Studies have demonstrated [63] that appropriate
concentration of magnesium ions can activate osteogenic
and angiogenic microenvironments, thereby enhanc-
ing new bone formation. In summary, we conclude that
JDBM/SrOCP scaffold dominates the local microen-
vironment by enabling a sustained release of Mg ions,
consequently promoting early vascularization and long-
term bone regeneration within the area affected by bone
defects.

In summary, we fabricated a biomimetic, structure
porous magnesium alloy scaffold through 3D printing.
The mechanical properties of the scaffold were similar
to those of natural bone. Furthermore, a hydrothermal
conversion method was employed to coat the scaffold’s
surface with nano-bioactive coatings, effectively regulat-
ing its degradation rate and enabling controlled release
of magnesium ions. Although the viability and biological
efficacy of the JDBM/SrOCP scaffold were thoroughly
assessed, further studies should aim to investigate the
spatial dimension degradation behavior of magnesium
metal scaffolds to fulfill the demands of bone repair. In
addition, it is important to modulate the mechanical
changes associated with the degradation process of mag-
nesium metal in vivo to properly repair defect areas. This
can be achieved by investigating structural and coating
modifications for magnesium alloys. Moreover, further
studies using large animals and specific pathological
models are needed to uncover the metabolic mechanisms
and immune regulation pathways related to magnesium
ions in vivo, to promote the clinical translation of porous
magnesium alloy scaffolds.
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Conclusions

In this study, we successfully fabricated nano-bioactive
coatings on the surface of JDBM scaffolds via hydro-
thermal transformation to achieve controlled and rapid
degradation of the scaffolds. The controlled release of
magnesium ions potentiated the effect of JDBM/SrOCP
scaffolds on promoting angiogenesis and osteogenesis
abilities. In comparison to the JDBM scaffold, the JDBM/
SrOCP scaffold exhibited enhanced biocompatibility and
superior biological functions in vitro. These included
heightened cell proliferation and adhesion, facilitated
osteogenic differentiation of HBMSCs, and induced tube
formation in HUVEC cells. In vivo assessments through
Micro-CT imaging and histological examination dem-
onstrated that the JDBM/SrOCP scaffolds effectively
facilitated early blood vessel formation and ingrowth
into the scaffold, thereby expediting the bone regenera-
tion process. In conclusion, JDBM/SrOCP scaffolds have
excellent osseointegration, osteoconductivity, and osteo-
inductivity. This study provides a novel strategy for the
clinical management of bone defects.

Experimental section
Scaffold preparation
3D model design
The Rhinoceros® 7.0 modeling software and its para-
metric modeling plug-in Grasshopper were employed
to design the support structure of the helical icosahe-
dral Gyroid minimal surface, which was mathematically
expressed through a separate formula:

?)

271 . 27 27 .
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Where U denotes the size of the minimum structural
unit of the TPMS, t is the structural parameter that
determines the shape of the minimum structural unit.
Here, t=0 is set here, the minimum structural unit size is
2 mm, the wall thickness is 0.45 mm, and the model file is
saved in STL format.

5 oY

Manufacturing of the scaffold

The equipment used in the laser powder bed fusion
(LPBF) experiment was the ProX DMP 320 from 3D Sys-
tems. The size of the formed substrate plane was 275 mm
x 275 mm x 420 mm, with the machining accuracy of

Table 2 Formula of DCPD treatment solution
Composition Concentration(g/L)

NaNO, 60
Ca(H,P0,),H,0 15
H,0, 20
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the parts being +0.1% of the current printing range, and
the oxygen content during printing was lower than 25
ppm. The LPBF parameters were as follows: laser power
of 80 W, scanning speed of 400 mm/s, layer thickness of
30 pm, hatch space of 80 um, and spot size of 80 um. To
reduce thermal stress, when scanning the adjacent layers
above and below, the laser scanning direction was rotated
by 73° successively. After printing was completed, the
substrate and samples were taken out, and wire-electrode
cutting was used to obtain the printed samples.

Dynamic electrolytic polishing

To remove the adhesive powder on the surface of the
scaffold, anhydrous ethanol solution containing 10%
volume fraction perchloric acid was utilized to perform
dynamic electrochemical polishing. A magnetic rotor
was employed to stir at the speed of 600 rpm/min, with a
polishing time of 10 min. After the polishing, anhydrous
ethanol was used for ultrasonic cleaning and dried in a
vacuum drying oven.

Surface fluorination treatment

The polished support was soaked in a fume hood with
40% hydrofluoric acid and shaken on a shaker for 6 h
until a dense magnesium fluoride coating of about 1.5 um
thickness was formed on the surface of the scaffold. After
fluorination, it was cleaned with deionized water and
anhydrous ethanol.

Dicalcium phosphate dihydrate (DCPD) coating

Sodium nitrate(NaNO;), Calcium dihydrogen phosphate
(Ca(H,PO,),.H,0) purchased from Sinopharm Chemi-
cal Reagent Co., LTD., analytical pure, purity >98.0%.The
porous scaffold surface was coated with DCPD using a
chemical deposition method. The fluorinated scaffold
was immersed in a supersaturated solution, and after
12 h of static reaction, a uniform white DCPD coating
formed on the scaffold surface. The composition of the
DCPD solution is detailed in Table 2 below.

5% Sr2+ octacalcium ohosphate (OCP) coating treatment

Sodium dihydrogen phosphate (NaH,PO,), Strontium
nitrate (Sr(NOs;),), Sodium hydroxide (NaOH) purchased
from Sinopharm Chemical Reagent Co., LTD., analytical
pure, purity >96.0%.To improve the corrosion resistance
and promote osteogenesis properties of the scaffold, a
hydrothermal reaction solution containing Sr** with a
molar concentration of 5% of the sum of the molar con-
centrations of Sr and Ca elements was prepared using
a hydrothermal transformation method. The pH was
adjusted to 6.5 using NaOH. The sample and solution
were placed in a 500 mL hydrothermal reaction kettle.
The reactor was placed in the oven to react at 90°C for
12 h. The DCPD coating on the surface of the sample
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Table 3 Chemical composition of 100mL hydrothermal reaction
solution of OCP coating containing 5%Sr>*
Composition

Concentration/g

NaH,PO, 4.90

Sr(NO;), 039

Na-EDTA 0.59

Ca-EDTA 13.335

NaOH appropriate amount

was transformed into 5Sr-OCP coating, and the appear-
ance of the sample was gray-white matte. The formula of
hydrothermal reaction liquid is shown in Table 3.

Characterization and mechanical properties of 3D printed
porous scaffolds

Characterization of 3D printed scaffolds

The overall conditions of JDBM and JDBM/SrOCP scaf-
folds were examined using stereomicroscopy. SEM was
employed to examine the scaffold surface morphology,
whereas EDS was employed to observe the element dis-
tribution on the scaffold surface. The nanomorphology
and surface roughness of the scaffolds were assessed
using AFM analysis. The hydrophilicity of the scaffolds
was determined using contact angle (CA) measurements.
Porosity of the porous scaffolds was calculated using the
ethanol replacement method according to the follow-
ing formula [ASTM F2150-17 (2022) el] [46]: Porosity
(%)=(V,-V3)/(V5-V3) x 100%.

The volume V, indicates the total volume of the grad-
uated cylinder after addition of absolute ethanol and
immersion in the scaffold sample. The volume V, denotes
the total volume recorded after removal of air from the
material’s pores using a vacuum desiccator and filling
them with ethanol. Volume V; indicates the total volume
of material remaining after removal from the graduated
cylinder.

In vitro degradation tests

According to ASTM-G31-21, the scaffolds were
immersed in 'Hank’s solution (37°C, pH 7.4) at a ratio
of 20 mL/cm?. The extracts were collected on days 1, 4,
7, and 14 for analysis using ICP to measure Mg?*, Sr**,
Ca?', and P concentrations. Moreover, the residual
weight of the magnesium metal scaffold was calculated
to evaluate its degradation behavior. SEM was employed
to examine the surface morphology of the scaffolds after
immersion for 7 days, and EDS was utilized to observe
the distribution of elements. XRD analysis was per-
formed to determine the composition of surface products
post-degradation.

Mechanical property test
The cylindrical porous magnesium scaffold support was
securely positioned on the tray of the electronic universal
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testing machine and compressed in both the X-axis and
Z-axis directions, respectively. The displacement rate
was set at 1 mm/min to accurately establish the control.
The load-displacement curve was automatically recorded
until a displacement of 3.0 mm was reached. Finally, the
stress-strain curve was plotted.

In vitro experiments

Biocompatibility of JDBM/SrOCP scaffolds

HBMSCs were collected from Wuhan Punosai whereas
HUVECs were purchased from Zhejiang Meisen.
HBMSCs were cultured in MSCM (complete medium
supplemented with 5% fetal bovine serum, MSCGS mes-
enchymal stem cell growth supplement, streptomycin
100 ug/ml, penicillin 100 U/ml). HUVECs were cultured
in ECM (complete medium supplemented with 5% fetal
bovine serum, ECGS endothelial cell growth supple-
ment, streptomycin 100 pug/ml, penicillin 100 U/ml). All
cells were incubated at 37 °C under a CO, concentration
of 5% and humidity of 95%. Subcultures were performed
at approximately 80-90% confluence. All samples were
sterilized through Co-60 irradiation and scaffold extracts
were obtained following ISO 10993-5 guidelines. Con-
sidering the lower degradation rate of Mg-based materi-
als in vivo compared to in vitro conditions, the scaffold
extracts were diluted following protocols described in the
literature.

The biocompatibility of porous magnesium metal scaf-
folds was tested on HBMSCs and HUVEC cells using the
Cell Counting Kit-8 (CCK-8, Dojindo, Japan). HBMSCs
were seeded at 2x10% cells/well in 96-well plates and
HUVEC cells were seeded at 2.5 x 10% cells/well. Scaffold
extract was used to replace the culture medium and incu-
bated for 1, 3, and 5 days. At specific time intervals, a 10%
volume of CCK-8 solution was added and incubated for
further 1.5 h in the cell incubator. Subsequently, 100 pl of
the supernatant was collected and its absorbance (OD)
at 450 nm was recorded using a microplate reader (Bio-
Tek, USA).

Cell viability was evaluate using the live/dead stain-
ing kit (Beyotime, China). HBMSCs and HUVECs cells
were seeded in 24-well plates at a density of 4 x 10% cells/
well and 4.5x 10° cells/well, respectively. After washing
three times with PBS solution, the cells were incubated
with 500 ul of live/dead staining reagent for 30 min and
observed under a fluorescence microscope.

Cell proliferation was evaluated using Ki67 immunos-
taining. HBMSCs and HUVEC cells were seeded at a
density of 3x10° cells/well in a 24-well plate. After cell
adherence, the medium was replaced with scaffold extract
and cultured for 3 days. Samples were then washed with
PBS, fixed with 4% paraformaldehyde for 20 min, perme-
abilized with 0.1% Triton X-100 for 15 min, blocked with
goat serum, and incubated overnight at 4 °C with Ki67
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antibody (ab15580, Abcam), followed by incubation with
fluorescently labeled secondary antibody for 1 h. The
nuclei were stained with DAPI (Solarbio, C0065) and
analyzed using a fluorescence microscope. All experi-
ments were performed in triplicate.

Cell morphology on the surface of JDBM/SrOCP scaffolds
Since the JDBM scaffold exhibited gas production when
immersed in vitro, it hindered cell adhesion on its sur-
face. Therefore, HBMSCs were seeded onto the surface of
the JDBM/SrOCP scaffold to investigate its morphologi-
cal characteristics. The seeding density of HBMSCs was
2x10° cells/ml. Following a direct co-culture for 5 days,
the cells were washed twice with PBS and then fixed in
2.5% glutaraldehyde at 4°C for over 4 h. Subsequently,
they were washed twice with PBS for 20 min, each time.
The cells were sequentially subjected to ethanol dehy-
dration with each step lasting between 20 and 30 min.
Finally, samples underwent supercritical drying and
were prepared via gold sputtering for 2 min before SEM
images were captured to observe cell morphology on the
scaffold surface.

Alkaline phosphatase and alizarin red staining

HBMSCs were employed to assess the osteogenic prop-
erties of the scaffolds in vitro. HBMSCs were seeded
into 24-well plates at a density of 6x10% cells per well.
Once the cells had fully adhered to the surface, the com-
plete medium was replaced with scaffold extracts pre-
pared using an osteogenic induction medium (OriCell,
HUXMZX-90021). The culture was continued for 7 and 14
days. The alkaline phosphatase staining was performed
using a BCIP/NBT staining kit (C3206, Beyotime). After
co-culturing for 21 days, calcium nodules were stained
using alizarin red (ALIR-10001, OriCell). The staining
results were examined under a stereomicroscope (DS-
Ri2, Nikon).

RT-gPCR
Real-time quantitative polymerase chain reaction (RT-
qPCR) was performed to determine the expression of
osteogenic genes alkaline phosphatase (ALP), colla-
gen type I (COL1), Runt-related transcription factor 2
(RUNX2), osteocalcin (OCN), and angiogenic genes
platelet endothelial cell adhesion molecule (CD31) and
vascular endothelial growth factor (VEGF). GAPDH
served as the reference gene. Specifically, HBMSCs and
HUVECs were seeded into 6-well plates at a density of
2x 10° cells/well. Once the cells adhered fully, the HBM-
SCs were replaced with scaffold extract prepared using
an osteogenic induction medium, while the HUVECs
were replaced with the same scaffold extract. HBMSCs
were cultured for 7 and 14 days, while HUVEC cells were
cultured for an additional 3 days. Next, total RNA was
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extracted with the RNA extraction kit (Toyobo, FSQ-
201). RT-qPCR analysis was performed using the Takara
SYBR® Premix Ex TaqlI kit (GenStar, A303) and CFX96
real-time detection system. Each sample was replicated
three times to improve accuracy. The primer sequences
for all genes are presented in Supplementary Table S1.

Immunofluorescence staining

The HBMSCs were cultured using the indirect contact
method. They were seeded in 24-well plates at a density
of 2x10° cells/well. Once the cells had fully adhered,
they were replaced with the scaffold extract collected
from the osteogenic induction medium. The cells were
fixed with 4% paraformaldehyde for 20 min at specific
time points, washed with PBS solution, treated with
0.1% Triton X-100 for 15 min, and washed with PBS.
They were then blocked with goat serum, and incubated
with the Runt-related transcription factor 2 (RUNX2,
ab192256, Abcam,1: 200), type I collagen (COLL,
ab138492, Abcam,1:100), osteopontin (Opn, ab63856,
Abcam,1:100), osteocalcin (OCN,23418-1-AP, Protein-
tech,1:100), overnight at 4 °C. All samples were incubated
with fluorescently labeled secondary antibodies for 1 h,
nuclei were labeled with DAPI (Solarbio, C0065), washed
three times with PBS, and examined under a fluorescence
microscope in triplicate.

Scratch test

The culture of HUVECs was conducted using the indirect
contact method. The cells were subsequently seeded on a
6-well plate at a density of 4 x 10° cells per well. Once the
HUVEC reached the target confluence, a vertical scratch
was made in the center of each well using a 200 uL
pipet tip. After thorough washing with sterile PBS, any
detached cells were removed, and ECM endothelial cell
medium without serum was added. Images were taken at
0 and 24 h post-scratching, and the extent of scratch clo-
sure was quantified using Image]J software.

Transwell assay

The transwell chambers were placed in 24-well plates
and divided into three groups, each with three wells.
Chambers for the blank group were added with 600 pl
of ECM endothelial cell low serum medium, while the
JDBM and JDBM/SrOCP groups were treated with
600 pl of ECM endothelial cell low serum medium con-
taining the extract, respectively. The upper chamber was
supplemented with 200 ul suspension containing 2 x 10*
HUVEC cells and cultured for 24 h. After gently scrap-
ing off any remaining cells from the upper layer, the
lower layer of the chamber was fixed with 4% parafor-
maldehyde for 20 min. Subsequently, staining with a 0.1%
crystal violet solution (Solarbio, G1063) was carried out
for 30 min. Cell migration events were observed using a
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light microscope (Ni-U, Nikon, Japan), and the number
of migrated HUVEC cells was quantified using Image]
software.

Tube formation investigation of scaffolds

Angiogenesis assays were performed using Matrigel
(Corning, 354234) in ibidi pslide Angiogenesis plates.
Specifically, the ibidi angiogenesis specific well plates
were coated with Matrigel and HUVECs were suspended
in ECM endothelial cell medium, JDBM scaffold extract,
and JDBM/SrOCP scaffold extract. A 50 ul cell suspen-
sion containing 1x 10* HUVECs was seeded on the ibidi
plates. After a cultivation period of 6 h, tube formation
was observed and captured using a light microscope (Ni-
U, Nikon, Japan). The tube formation was quantitatively
analyzed using Image] software. Key parameters mea-
sured comprised total tube length, number of nodes, and
number of junctions.

Transcriptomic assay

In summary, HBMSCs were lysed using TRIzol reagent,
and the total RNA was extracted for library construction,
transcriptome data collection, and analysis by Novogene
Co., Ltd (Beijing, China). The quality and quantity of the
RNA were assessed with an Agilent 2100 Bioanalyzer. It
was then sequenced on the Illumina NovaSeq 6000 plat-
form. DESeq2 software (version 1.20.0) was used for gene
expression quantification and differential gene expression
analysis between the two comparison groups. To inves-
tigate functional annotations of differentially expressed
genes, cluster profile software (version 3.8.1) was
employed for GO (Gene Ontology) and KEGG pathway

enrichment analyses.

In vivo experiments

Bone repair assessment in vivo

The experimental protocol was approved by the Experi-
mental Animal Ethics Committee of the Chinese PLA
General Hospital (approval number: S$2020-169-01).
A rat femoral condyle defect model was established to
validate the scaffold’s in vivo osteogenic and angiogenic
capabilities. Eight-week-old male Sprague Dawley (SD)
rats (n=54, 280-320 g) were intraperitoneally anesthe-
tized with sodium pentobarbital at a dosage of 30 mg/
kg. In a sterile environment, a longitudinal incision was
created in the medial distal femur to expose the medial
femoral condyle. Next, a cylindrical bone defect with
dimensions of 2.6 mm in diameter and 2.8 mm in depth
was generated by drilling into the medial femoral con-
dyle using a 2.6 mm drill. The scaffolds were implanted
into the defect, and after achieving sufficient hemostasis,
the surgical site was meticulously sutured layer by layer.
Subsequently, the wound was sterilized using iodophor.
The rats were randomly divided into three groups: blank
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group (n=18), JDBM group (n=18), and JDBM/SrOCP
group (n=18).

Vascular perfusion

To observe early revascularization after scaffold implan-
tation, we conducted microvascular perfusion at 4 and
8 weeks after scaffold implantation. Three rats were
randomly selected from each group and at each time
point. After anesthesia, the rats were positioned supine
on a plate and a midline incision was made through the
abdomen’s epidermis and muscle layer. The xiphoid pro-
cess was elevated to access the thoracic cavity by cutting
through the diaphragm and sternum. Subsequently, an
infusion needle was inserted approximately 2 mm deep
into the left ventricle while simultaneously severing the
inferior vena cava. Following euthanasia, the rats were
perfused with normal saline (containing 500 U/L hepa-
rin) until the venous outflow changed from red to col-
orless normal saline. Subsequently, paraformaldehyde
fixative was continuously perfused until the lower limbs
and tail of the rats trembled. Following the MICROFIL®
perfusion solution instructions, the syringe was manu-
ally pushed until the blood vessels of vital organs such as
the liver, kidneys, and mesentery in the rat’s body gradu-
ally turned yellow, indicating successful perfusion. The
samples were stored in a refrigerator overnight at 4° C to
allow full solidification and decalcification after sampling.

Micro-CT assessment

The samples were collected at 4, 8, and 12 weeks post-sur-
gery. Immediately after collection, they were fully fixed
using a 4% paraformaldehyde solution and then under-
went MicroCT scanning (Belgium, Bruker, Skyscan1276)
at a spatial resolution of 13 um for three-dimensional
reconstruction. A ray source voltage of 85 kV, current of
160 pA, and scan rotation angle of 360° were used. The
region of interest for all samples was defined as a cylin-
drical volume with a diameter of 2.6 mm and a height of
2.8 mm. Bone morphometric parameters, including bone
volume/total tissue volume (Bv/Tv), trabecular number
(Tb. N), trabecular spacing (Tb.Sp), trabecular thickness
(Tb. Th), Bone mineral density measurements (BMD),
and vascular volume fraction (BVV/TV) were calculated.
All samples were collected in triplicate.

Hard tissue section

The EXAKT system was employed to prepare hard tissue
sections. Rat femora were subjected to gradient ethanol
dehydration and then embedded in light-cured resin.
Sections with a thickness of 200 pm were collected using
the E300CP hard tissue slicing machine (EXAKT, Ger-
many) and then polished on a grinder to obtain a thick-
ness range of 25 to 35 um. Microscopic observation was
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performed using Goldner trichrome staining (Solarbio,
G3550).

Histological tests and immunohistochemical analysis
Histology and immunohistochemistry techniques were
employed to assess early vascularized bone regenera-
tion ability of the scaffold after 4 weeks of implantation.
Bone tissue samples were fixed using 4% paraformalde-
hyde, decalcified in 10% ethylenediamine tetraacetic acid
(EDTA), embedded in paraffin, sectioned at a thickness
of 5 um, and stained with hematoxylin and eosin (HE).
To perform immunohistochemical staining, sections
were deparaffinized and subjected to antigen retrieval
using 3% hydrogen peroxide (H,0,) and pepsin (Abcam,
ab64201). Next, the sections were treated with 0.1% Tri-
ton X-100 for 15 min and blocked with 10% goat serum.
They were then incubated with Osteopontin (Opn,
ab63856,Abcam,1:100), osteocalcin (OCN,23418-1-AP,
Proteintech, 1:100), CD31 (ab182981,abcam,1:100) and
EMCN (sc-65495,Santa Cruz,1:200) overnight at 4° C and
at room temperature for 1 h with the secondary antibody.
Finally, they were analyzed with a light microscope using
the DBA chromogenic substrate system. Immunofluo-
rescence staining was conducted using a protocol similar
to that of immunohistochemistry. The primary antibody
was incubated overnight at 4 °C, and then washed three
times with PBS. Subsequently, the samples were incu-
bated with the secondary antibody (AB150077, Abcam,
1:200) at room temperature. Nuclear staining was per-
formed using DAPI. Images were captured with a fluores-
cence microscope, and the immunofluorescence intensity
was quantified using Image] software. All experiments
were performed in triplicate.

Statistical analysis

All experiments were repeated three times. Statisti-
cal analysis and graphs were performed using Graph-
Pad Prism 9.4 software. All data are presented as the
mean + standard deviation (SD). Student’s t-test was
employed to compare two groups, and one-way analy-
sis of variance (ANOVA) was used to compare multiple
groups. The difference was considered to be statistically
significant at P<0.05.
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