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ARTICLE INFO ABSTRACT

Keywords: Porous bone scaffolds based on high-precision 3D printing technology gave recently been developed for use in
3D printing bone defect repair. However, conventional scaffold materials have poor mechanical properties and low osteogenic
“xﬁo activity, limiting their clinical use. In this study, a porous composite tissue-engineered bone scaffold was prepared
;LA using polylactic acid, nano-hydroxyapatite, and nano-magnesium oxide as raw materials for high-precision 3D
- - printing. The composite scaffold takes full advantage of the personalized manufacturing features of 3D printers
Tissue engineering scaffold X K o X X .
Osteogenesis and can be used to repair complex bone defects in clinical settings. The composite scaffold combines the ad-
Crystallinity vantages of nano-hydroxyapatite, which improves the formability of scaffold printing, and of nano-magnesium

oxide, which regulates pH during degradation and provide a good environment for cell growth. Additionally,
nano-magnesium oxide and nano-hydroxyapatite have a bidirectional effect on promoting the compressive
strength and osteogenic activity of the scaffolds. The prepared composite porous scaffolds based on 3D printing

technology show promise for bone defect repair.

1. Introduction

3D printing technology, as an emerging manufacturing technology, is
being widely used in the biomedical field due to its high flexibility and
personalization capacity in product manufacturing. Numerous studies
have shown that porous scaffolds can be effectively used in bone defect
repair (Bose et al., 2013). 3D printing technology, as an emerging
manufacturing technology, is being widely used in the biomedical field
due to its high flexibility and personalization capacity in product
manufacturing. Numerous studies have shown that porous scaffolds can
be effectively used in bone defect repair (Bose et al., 2013). 3D printing
technology allows for precise design of scaffolds, overcoming many of the
drawbacks of traditional fabrication methods. In the field of bioengi-
neering, numerous biomaterials such as hydrogels, biodegradable
materials, and metal materials have proven to be ideal raw materials for
3D printing. Nevertheless, there is a mismatch between the materials
commonly used for direct 3D printing of bone repair scaffolds and the
need to obtain nanostructured materials prepared with biomaterials for
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bone regeneration; therefore, the development of nanostructured
biomaterial bone scaffolds is urgently necessary (Meng et al., 2012).
Ideally, scaffold for bone tissue regeneration need to have mechanical
properties that match the corresponding tissue to reduce the stress—strain
imbalance. Furthermore, material degradability and the effect of
degradation products are also of concern.

Poly-l-lactic acid (PLA) has been widely used in the field of tissue en-
gineering due to its good biocompatibility and degradability (Zahedi,
2019). It is approved as an implant by the Food and Drug Administration
(Naghieh et al., 2017; Tyler et al., 2016). Current biodegradable materials
that can be used as implants are mainly divided into non-metallic
degradable materials and metallic degradable materials, such as PLGA,
PCL and magnesium-based materials. In contrast, PLGA is costly and
difficult to synthesise; PCL is too fluid and difficult to shape when used for
3D printing; and magnesium-based metal materials produce a lot of
hydrogen and degrade too quickly when implanted in the human body.
Therefore, PLA is the more desirable raw material for tissue engineering
scaffolds. Moreover, the excellent processing properties of PLA make it a
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potential raw material for 3D printing (On et al., 2020). However, the
application of PLA directly as a 3D-printed scaffold for bone defect repair
has various issues, in particular its poor mechanical properties. and its poor
osteogenic activity, limiting its clinical application. Furthermore, lactic
acid, a degradation product of PLA, accumulates in local tissues, lowering
the pH of body fluids and affects cell growth as well as eventually leading to
scaffold implantation failure (James et al., 2012; Zhao et al., 2018).

The addition of inorganic fillers to the raw materials for 3D printed PLA
scaffolds improves its mechanical properties (Aworinde et al., 2020; Xia
et al., 2019). Hydroxyapatite is the main component and crystal structure
similar to biological hydroxyapatite of human hard tissues and has been
regarded as an ideal material for bone repair for many years. Hydroxy-
apatite can be used as an additive to modify common 3D promised bio-
logical raw materials, increasing the mechanical properties and osteogenic
activity of the material (Swain et al., 2021). Nano-HA (nHA) has better
bioactivity and promotes bone regeneration to a greater extent than
normal HA (P. Feng et al., 2020; Mohd Zaffarin, Ng, Ng, Hassan and Alias,
2021; Nonoyama et al., 2021). Incorporating nHA as an inorganic filler can
significantly improve the mechanical strength of PLA scaffolds (Hassanajili
et al., 2019). In addition, nano-magnesium oxide (nMgO), a common
inorganic filler, has been shown to increase the mechanical properties of
PLA scaffolds (Pei et al., 2010; Yun et al., 2016). As an alkaline oxide, MgO
can neutralize the acidic products of PLA during degradation, resulting ina
weakly alkaline local tissue process that promotes osteoblast growth. At
the molecular level, magnesium ions are involved in various enzymatic
reactions in cells and can indirectly encourage cell mineralization by
increasing the activity of alkaline phosphates (C. Feng et al., 2017; Lin
et al., 2018; Park et al., 2010; Serre et al., 1998; Tarafder et al., 2013). In
addition, it has been shown that the incorporation of MgO into PLA can
significantly increase the activity of osteoblasts and can effectively inhibit
the value-added of osteoclasts, providing a good physiological basis for
bone regeneration, in addition to the powerful antibacterial activity that
MgO provides to PLA(Anicic et al., 2021). Other common dopants of PLA
composites are ZnO and CuO, among others.

ZnO, as a dopant with the same potential as magnesium oxide, is
slightly less chemically active than MgO, is an amphoteric oxide, and as a
dopant cannot neutralize the acid produced by PLA degradation.
Although Cu has good antibacterial effect, it is seldom used as composite
scaffold dopant because Cu™ are heavy metal ions and long-term accu-
mulation in human body is easy to lead to heavy metal poisoning.

The internal structure of 3D-printed composite scaffolds is critical for
the mechanical properties and bioactivity of the scaffold. A high porosity
promotes cell adhesion and value addition but at the same time reduces
mechanical strength (Holmes et al., 2016). Therefore, in the design phase
of 3D printing, the internal structure of the scaffold needs to be optimized
while ensuring high porosity to meet the requirements for bone defect
repair (C. Feng et al., 2017). Due to the high fluidity of PLA, the form-
ability is often poor when printing high precision models (Frone et al.,
2019). Therefore, ultra-high precision bio-3D printers are needed to
ensure the quality of the finished products.

In this study, a new 3D-printed composite material consisting of a PLA
matrix with nHA and nMgO fillers was designed. Through the assessment
of the effect of combined nHA and nMgO as fillers, a new composite
scaffold with high strength and personalization was thus constructed by
digital model design and 3D printing technology. In addition, the
degradation properties, mechanical properties, hydrophilicity, and
osteogenic activity of the composite scaffolds were investigated. Thus,
the application of high-precision 3D printing technology provides new
scaffolds for tissue engineering repair of bone defects.

2. Materials and methods
2.1. Materials

PLA particles were provided by Nature Works (USA, M,, 50,000 Da,
purity >98wt%). nHA (grain size <100 nm; purity >97wt%) was
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obtained from Shanghai Aladdin Biochemical Technology Co. Ltd.
(Shanghai, China). nMgO (grain size, 20 nm; purity 98wt%) was pur-
chased from Nanjing XFnano Ltd. (Nanjing, China). Mouse embryonic
osteoblasts were obtained from Shanghai Bangjing Industry Co. Ltd.
(Shanghai, China). Alkaline phosphatase (ALP) was detected using an
ALP staining kit (DaLian Meilunbio Technology Co. Ltd.; Dalian, China).
All materials were used directly without secondary processing.

2.2. Preparation of 3D printing nano-composite consumables

According to previous studies, HA at a mass fraction of 20% can
significantly improve the mechanical properties of PLA (Russias et al.,
2006). MgO at 3% mass fraction can significantly promote the crystalline
and mechanical properties of PLA (Shuai et al., 2019b). According to the
stated composition in Table 1, granular PLA, nHA powder, and nMgO
powder were added to 98% anhydrous ethanol and stirred magnetically
at 60 °C for 2 h, and ultrasonically dispersed for 1 h. The resulting mixed
solution was placed in a drying oven for 12 h to obtain a solid mixed
material. Finally, the mixture was ground in a mill for 2 h to obtain 3D
printing composite consumables.

2.3. Design and printing of nano-composite scaffolds

The supports used in this study were designed using 3D Studio Max
(3D Max) software. The composite material was printed into a 3D porous
structure using the fused deposition method, with a print line width of
0.25 mm, a line spacing of 0.5 mm, and a cross-grid structure for inside
support. The created bracket model was exported in rapid prototype
format (.stl file) and imported into the fused deposition printer (Qingdao
5D Intelligent Additive Manufacturing Technology Co., Ltd., China) with
the printing temperature controlled at ~180 °C. The whole process is
shown in Figure 1.

2.4. Characterization of the nano-composite scaffold

The phase structure of the scaffolds was characterized using an X-ray
diffractometer (X'Pert PRO MPD Panalytical B.V) at a scanning rate of 8°/
min from 10° to 80°. The nano-composite scaffolds were analyzed by
Fourier transform-infrared (FTIR) spectroscopy (Nicolet iS 10 Thermo
Fisher Scientific, USA) within the range of 500-4000 em L. The surface
of the nano-composite scaffold was observed with high-resolution scan-
ning electron microscopy (SEM; Hitachi S4800). The water contact angle
on the surface of the stent was tested with an optical tensiometer (Biolin
Scientific Co. Ltd., Sweden) to analyze the hydrophilicity of the stent.

2.5. Compression test of the nano-composite scaffold

The scaffold compression test was conducted on a universal testing
machine (MTS Systems, Co., Ltd. China) with a compression rate of 0.5
mm/min and a compression amount of 50%. The compressive stress at
the time of bracket fracture was recorded and the stress-strain curve
was plotted to derive the compressive modulus of the bracket. All
samples were tested in a dry environment at room temperature, six
times.

2.6. Thermal property analysis

Thermogravimetric analysis was performed using the TG NETZCSCH
DSC214 (Germany) system. The crystallization properties of the prepared
PLA, PLA/nHA, and PLA/nHA/nMgO scaffolds were studied by a non-
isothermal crystallization process using differential scanning calorim-
etry (DSC). The activated scaffolds were ramped up to 200 °C at a rate of
10 °C/min in an argon atmosphere, held for 5 min, and then reduced to
40 °C at a rate of 10 °C/min. The DSC curves of the samples were sub-
sequently recorded. The thermal stability and crystallization behavior of
the tested samples were analyzed by DSC.
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Table 1. Formulation composition of 3D printing composite consumables.

Samples PLA(Wt%) nHA(wWt%) nMgO(wt%)
PLA 100 0 0
PLA/nHA 80 20 0
PLA/nHA/nMgO 77.6 19.4 3

2.7. Degradation test and immersion acidity test

The composite scaffolds were dried and weighed and their mass
recorded as Wy, after which they were completely immersed in PBS (37
°C, pH 7.4) solution, changed twice a week; after 7, 14, 21 and 28 days of
immersion, the scaffolds were removed, dried, and weighed and
recorded as W;. The weight loss rate was calculated and recorded as Wy,
according to the following Eq. (1):

(WO — Wt)

W, =
L 0

x 100% (@)
pH assays were performed in simulated body fluids, and the scaffolds
were immersed in simulated body fluids for 7, 14, 21 and 28 days. The pH
of the solution was detected and recorded.

2.8. Cytotoxicity assay

Mouse embryonic osteoblast precursor cells (MC3T3-e1) were used as
experimental cells. Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin-
streptomycin solution was used as the medium for experimental cells. All
composite scaffolds are subjected to a rigorous autoclave process before
seeding. The scaffolds was cut into squares with 5 mm sides and placed in a
64-well plate. MC3T3-E1 cells were inoculated in 64-well plates at ~5000
cells per well and co-cultured with the scaffolds for 1, 3, and 5 days. The
scaffolds were then removed, and the cells were rinsed twice with PBS
solution. Observed by cell staining with an inverted fluorescent micro-
scopeand. Following co-culture of the scaffolds with MC3T3-E1 cells for 1,
3,and 5 days, the cells were rinsed twice with PBS solution, incubated for 2
h with 2 mL of CCK-8 reagent in the medium to assess cell viability, and an
enzyme marker measured the absorbance value at 450 nm.
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2.9. Osteogenic activity

The early osteogenic activity of the nano-composite scaffold was
evaluated by measuring the ALP content. MC3T3-E1 cells were
co-cultured with the nano-composite scaffolds in osteogenic induction
medium (10% PBS, 10 mmol/L B-glycerophosphate sodium, 10 mmol/L
dexamethasone, and 0.05 mmol/L ascorbic acid) for 7 and 14 days, and
the scaffolds were then removed and rinsed twice with PBS solution.
Cells were fixed with 4% paraformaldehyde solution and stained with an
ALP stain at 37 °C. ALP activity in the stained samples was observed by
inverted fluorescence microscopy, followed by quantitative analysis of
ALP activity.

The late osteogenic activity of the nano-composite scaffold was
assessed by measuring the content of calcareous nodules. The medium
used was of the same composition as that used for ALP activity, and the
scaffolds and cells were co-cultured for 21 days and then rinsed twice
with the same PBS solution. Cells were fixed with 4% paraformaldehyde,
stained with alizarin red dye at room temperature, and the number of
calcium nodules in the stained samples was observed with an inverted
fluorescence microscope. After staining with Alizarin Red, the cells were
washed with buffer and the amount of intracellular calcium deposited
was measured at 420nm using an enzyme-linked immunosorbent assay.

2.10. Statistical analysis

All quantitative data were expressed as mean =+ standard deviation.
All data were analyzed by one-way analysis of variance (ANOVA) using
SPSS22. A p value of <0.05 was considered statistically significant.

3. Result and discussion
3.1. Characterization of the nano-composite scaffold

The prepared 3D porous composite scaffold had an average pore size
of 0.5 mm (Figure 2A), which can greatly promote cell adhesion and
growth. providing a stable space for osteoblast growth. SEM images of
the three sets of scaffolds at different magnifications were obtained
(Figure 2B). The composite scaffolds with nHA and nMgO showed better
plasticity than that composed of pure PLA. nMgO on the scaffold surface
can be seen under high magnification.

Personalized
Restoration

Figure 1. Schematic diagram of a personalized tissue-engineered bone composite scaffold using 3D printing technology.
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PLA/nHA/nMgO

PLA/nHA/nMgO

Figure 2. Composite bracket actual photo (A); Scanning electron microscopy (SEM) observed the surface morphology of three groups of seed scaffolds (B).

The FTIR spectra for each scaffolds and raw materials were obtained
(Figure 3A). The hydroxyl band of the HA powder was observed at 606
em™!. The pure PLA scaffold showed a band at 1747 cm ™! corresponding
to the carbonyl group, bands at 1390 cm ! and 1430 cm ™ 'for CH-CHs, at
1330 cm ™! for CH-C-0-0, and at 1160 cm ™! corresponding to G-O-C
(Diez-Escudero et al., 2021). The corresponding hydroxyl reinforcement
bands after the addition of HA are shown in the figure, and the corre-
sponding reinforcement bands appear in the composite after the addition
of nMgO.

XRD patterns of the composite scaffolds and raw materials were ob-
tained (Figure 3B). Typical peaks were detected for all scaffolds.
The characteristic peaks corresponding to MgO were detected at 42.9°
and 62.2° following the addition of nMgO (Figure 3B). The composite
scaffold showed a characteristic peak of HA at 31.8°. Thus, nHA and
nMgO were successfully incorporated into PLA.

The water contact angle of the pure PLA scaffold was high, at more
than 90° (Figure 3C), likely due to PLA lacking hydrophilic groups in its
structure, resulting in a strong hydrophobicity on the material's surface
(Shuai et al., 2019a). The water contact angle of the composite scaffold
with the addition of nHA was significantly reduced, mainly attributed to
the polar nature of HA with strong hydrophilic characteristics and the
large number of active functional hydroxyl groups on its surface
(Lu et al., 2020). Due to the enhanced intermolecular forces, such as van

der Waals, nHA often agglomerates and forms micron-sized particles
(Zhou et al., 2019). When HA and PLA are compounded, hydrophobic
forces reduce their interaction, increasing their dispersion and exposing
more hydroxyl groups on the surface. The water contact angle of the
composite scaffold following the addition of nMgO was further reduced
since the doping of nMgO changed the surface structure of the composite
scaffold, allowing hydrogen bonding and increasing the hydrophilicity of
the composite scaffold (Guan et al., 2001). Hydrophilic scaffolds are
thought to facilitate cell adhesion and growth, thus promoting the
regeneration of bone tissue (Guan et al., 2001; Li et al., 2020). In the
study by Cijun Shuai et al. (2019b), the hydrophilic angle of the scaffold
increased with the increase of MgO content when MgO was added
directly among the scaffolds in pure PLA, which is basically consistent
with the results obtained in the present study, and the difference in
hydrophilic angle may be due to the different humidity of external air.

3.2. Nano-composite scaffold compressive resistance

Because the tissue-engineered scaffolds implanted in the human body
need specific mechanical properties, compression tests were performed
on each group of composite scaffolds to obtain stress—strain curves
(Figure 4A). After analysis and calculation, the scaffold's yield strength
were obtained (Figure 4B). The mechanical properties of the composite
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Figure 3. Fourier transform infrared spectrometer FTIR spectra of composite supports and raw materials (A); X-ray diffraction (XRD) spectra of composite supports

and raw materials (B). Water contact angle of three groups of scaffolds (C).

scaffold were higher overall than those of the pure PLA scaffold. The
yield stress of the pure PLA scaffold was of ~18 MPa, and the addition of
nHA increased the yield gravitational force of the composite scaffold to
22 MPa, an overall improvement of ~22%. Of note, the yield stress of the
composite scaffold increases to 24 MPa following the addition of nMgO,
likely due to the nanoparticles dispersing in the material preventing the
extension of cracks under external forces (Butt et al., 2017; Fletcher,
1958). We compared the mechanical properties of PLGA/HA/MgO made
by simple casting methods. The compressive strength of the PLA scaffold
incorporating hydroxyapatite and MgO in this study exceeded 20 MPa, a
figure that exceeds the 16 MPa obtained in the literature (Hickey et al.,
2015). HA is the main component of human cancellous bone, and the
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Figure 4. Compressive stress-strain curve of each group of scaffolds (A); Yield strength of each group of scaffolds (B).

modified composite scaffold is well-matched to the high modulus of
natural bone tissue, providing a stable environment for bone tissue
regeneration.

3.3. Thermal behavior

The non-isothermal crystallization behavior of the composite scaf-
folds was investigated by DSC (Figure 5A). The thermal property pa-
rameters are shown in Table 2. The non-isothermal crystallization peaks
of the three scaffolds appeared at shorter times, with half-crystallization
times of 14.50 min, 14.36 min, and 14.22 min, respectively, indicating
that the addition of nHA and nMgO slightly accelerated the
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Figure 5. Differential scanning calorimetry (DSC) non-isothermal crystallization curve (A); Crystallinity curve (B); Melting Curve (C).

Table 2. The thermal performance parameters of PLA, PLA/nHA and PLA/nHA/
nMgO were determined by differential scanning calorimetry.

Sample Tm (°C) Tc (°C) AHm (J/g) AHc (J/8) Xc (%) t1/2 (min)
PLA 111.1 70.5 8.55 71.31 56.70 14.50
PLA/nHA 111.7 72.9 8.92 56.23 70.35 14.36
PLA/nHA/  111.8 75.6 6.69 45.6 50.40 14.22
nMgO

crystallization rate of PLA. The warming melting curve and cooling
crystallization curve of the composite scaffolds (Figures 5B and 5C,
respectively) along with the data in Table 2, showed that the melting
temperature (Tp,) of the three samples did not vary much and was of
~111 °C. The melting enthalpy AHy, of the melting peaks was 8.55 J/g,
8.92 J/g, and 6.69 J/g (Figure 5C). Previous studies have shown that an
increased crystallization temperature indicates a faster crystallization
rate (Cebe and Hong, 1986; Masuko, 1998). The crystallization tem-
peratures of the three groups of scaffolds were 70.5 °C, 72.9 °C, and 75.6
°C. rystallization peaks AHc were 71.31 J/g, 56.23 J/g, and 45.6 J/g,
respectively, indicating that the addition of nHA and nMgO led to the
easier crystallization of PLA. The t;,» (semi-crystallization time) and
exothermic enthalpy (AHc) show some positive correlation. This in-
dicates that the scaffold can reach the upper limit of crystallization
faster from melting to molding during 3D printing of the raw material,
and the high crystallinity promotes the mechanical properties of the
composite. Combined with the degradation experiments, it can be
concluded that HA and MgO can retard the degradation of PLA and
maintain the early stability of the scaffold after implantation into the
human body. The crystallization of polymers occurs through the ordered
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rearrangement of molecular chains; the addition of nanoparticles
provides more nucleation sites for the original polymers and accelerates
their crystallization rate. Overall, nMgO and nHA play a bi-directional
role in promoting the scaffolds' thermal stability and crystallization
properties.

3.4. Degradation behavior and PH-regulating properties

The degradation behavior of the composite scaffold was examined by
a PBS solution immersion test (Figure 6A). All scaffolds showed degra-
dation behavior over time, as evidenced by the reduction in scaffold
weight. The lower weight loss of scaffolds with added nHA compared to
pure PLA scaffolds was attributed to the dispersion of HA in PLA,
reducing the direct contact area between PLA and PBS solution (Houaoui
et al., 2020). Notably, the degradation rate of the scaffold compounded
with nMgO was significantly retarded. The addition of HA effectively
slows down the in vitro scaffold degradation rate and ensures the early
stability following implantation in humans (Wang et al., 2010). The
incorporation of nMgO also slowed down the degradation of the scaffold,
likely due to a reduction in the amorphous region of the composite
during the crystallization process and an improvement of stability of the
composite scaffold. After 3 weeks of immersion, the degradation rate of
the composite scaffold incorporating nMgO was significantly accelerated,
likely due to the accelerated onset of degradation by OH™ generated by
the hydration of MgO (Shuai et al., 2018; Zhao et al., 2017).

The pH changes of the scaffolds immersed in simulated body fluid
were assessed (Figure 6B). The H" produced during the degradation of
PLA lowers the pH of the body fluid; too low a pH can inhibit a variety of
enzymatic reactions in the body, thus affecting osteoblast regeneration.
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Figure 6. Weight loss (A) and PH change (B) of each group of scaffold immersion.
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Figure 7. Fluorescence images (A) of MC3T3-E1 cells and optical density obtained by CCK-8 analysis (B).

The weak alkalinity created by the hydration of MgO can effectively
neutralize the acidic products of PLA. The pH of the nMgO composite
scaffold was maintained at ~7.4 after 28 days, and this data of pH was
significantly higher compared with the PLA scaffold alone, and the
difference was statistically significant (p < 0.05). The weak alkalinity can
provide a stable pH environment for the regeneration of osteoblasts and
promote bone healing (Gong et al., 2021; Tan et al., 2018; Yuan et al.,
2018). In the research by Lizhe He et al. (He et al., 2021), the pH of

polylactic acid composite scaffolds doped with magnesium oxide had
increasing pH throughout the degradation process, a trend consistent
with the results of the present study.

3.5. Cellular vitality

The viability of cells cultured on the composite scaffolds was tested by
the CCK8 assay (Figure 7B). Following co-culture of MC3TC-E1 cells with
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Figure 8. The ALP staining (A) and activity (C) after MC3T3-E1 cells cultured for 7 and 14 days; Alizarin red staining (B) and OD values (D) after 21 days of

incubation (B).

the scaffold for 1 day, there was no significant difference in optical
density (OD) values between the groups, likely due to the fact that the
early stages of cell growth are less affected by the external environment.
It is noteworthy that, from day 3 onwards, the OD values showed
significant differences. The low OD of the PLA scaffold alone compared to
the blank control group (p < 0.05) may be due to the inhibition of cell

growth by the acidic products following PLA degradation. Scaffolds
containing nHA exhibited greater cell viability, associated with calcium
ions produced in water dispersed by nHA. It is well known that calcium
ions are indispensable for cell growth, and they maintain the potential
difference between the two sides of the cell membrane. Relevant studies
have shown that calcium ions can activate enzymes related to signal
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transduction and participate in several physiological processes such as
cell metabolism and growth (Atif et al., 2021). The addition of nMgO
further increased the OD value of the cells, mainly due to the hydrolysis
of nMgO into Mg(OH)", which neutralizes the acidic by-products of PLA
degradation and improves the environment for cell growth. In addition,
magnesium ion promote the value-added of cells by increasing intracel-
lular epidermal growth factor (EGF) and mitogens (Grubbs, 1991; Raisz,
1969; Zreigat et al., 2002). Overall, both nHA and nMgO have good
biocompatibility, reducing the cytotoxicity of PLA, regulating cell
behavior, and promoting cell growth.

Fluorescence staining images of M3CT3-E1 cells showed that cells
grown in all scaffolds had good biocompatibility (Figure 7A). After 1 day
of co-culture, a small number of viable cells could be seen in all scaffolds,
and the number of viable cells gradually increased as time progressed.
After 3 and 5 days of culture, the number of cells on the nHA scaffold was
significantly higher than that of the PLA scaffold. The composite scaffold
with nMgO had significantly more live cells than the other two groups,
indicating that the co-addition of nMgO and nHA had the most significant
growth-promoting effect on cells. These results were generally consistent
with those previously obtained with the CCK-8 assay. Thus, nMgO and
nHA can jointly increase the activity of osteoblasts, which is consistent
with the results of this experiment (Cui et al., 2020; Liu et al., 2020).

3.6. Osteogenic activity

According to previous studies, Mg, as an essential element for the
human body, plays a significant role in osteogenesis According to
previous studies, Mg, as an essential element for the human body, plays a
significant role in osteogenesis (Wagener et al., 2016). In the present
study, the osteogenic activity of the composite scaffold was evaluated by
measuring the ALP content. Following co-culture of the composite scaf-
fold with MC3T3-E1 cells for 7 days, the staining intensity of the nHA
scaffold was significantly greater than that of the pure PLA scaffold, while
the addition of nMgO had a minimal effect on the staining intensity
(Figure 8A). After 14 days of co-culture of scaffolds and cells, the staining
intensity was significantly increased for the nMgO scaffold, indicating
that nMgO mainly acted at the late osteogenic stage, and the quantitative
ALP analysis was consistent with the staining results. Thus, these results
confirm the promoting role of nHA and nMgO in osteogenesis, and it has
been shown that HA, as the main inorganic component of human bone,
not only provides support for bone in terms of mechanical properties but
also releases trace ions to induce bone regeneration.

The late-stage osteogenic activity was determined by detecting the
deposition of calcium nodules after 21 days of cell culture. Red deposits of
calcium nodules were visible for all scaffolds, with relatively few calcium
nodules in the pure PLA scaffolds, followed by the PLA/nHA scaffold, and
finally the PLA/nHA/nMgO scaffold (Figure 8B). The calcium nodules
content intuitively shows the superiority of composite scaffolds in osteo-
genic differentiation, suggesting that both nMgO and nHA can promote
the differentiation of osteoblasts and show a bidirectional promotion
effect. The results confirmed the osteogenic ability of nMgO and nHA by
measuring the absorbance values of alizarin red at 420 nm.

In recent studies, magnesium oxide nanoparticles have been used in
various composites, and Salamanca, E et al. (Salamanca et al., 2022),
used magnesium oxide to modify f-tricalcium phosphate to enhance
osteoblast activity. Chen, Y et al. (Chen et al., 2022), doped magnesium
oxide nanoparticles into composite hydrogels and promoted osteogenic
differentiation of MC3T3-E1 cells by modulating the release of magne-
sium ions and upregulating the expression of osteogenic genes such as
BSP and OPN. These studies are consistent with the present findings and
confirm the great role played by magnesium in the osteogenesis process.

4. Conclusion

This study prepared a 3D porous composite scaffold containing PLA
matrix, nHA, and nMgO using a high-precision 3D melt-forming printer.
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The composite scaffold had a porous structure that promotes the adhe-
sion and growth of adult cells, a concept that has been confirmed in
cytotoxicity experiments. In addition, the crystallinity and mechanical
properties of the composite scaffold were greatly improved, and the
composite scaffold prepared by 3D printing ensured the early stability
after implantation into the human body compared with other different
preparation methods. In pH adjustment experiments, we found that the
pH of the composite scaffold doped with magnesium oxide was around
7.7-7.8 at around 21 days. The increase in pH was favourable to the
growth of osteoblasts and the osteoblasts could mineralise effectively at
pH = 8.0 (Galow et al., 2017). Of note, nMgO do not seem to play a role
in the early Stage of osteogenic differentiation, likely due to the slow
decomposition rate of the material and the small degree of hydrolysis of
the nanoparticles, a speculation that cannot yet be fully confirmed from
the current experimental data and requires further q-PCR and Western
Blot experiments. In conclusion, nMgO and nHA have a bidirectional
promotion effect on osteoblast differentiation. The 3D-printed PLA, nHA,
and nMgO composite scaffolds have good mechanical properties,
hydrophilicity and osteogenic activity, and have great potential in the
field of bone defect repair.
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