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Abstract: Magnesium ions play an important immune-regulatory role during bone repair. For this
study, we prepared micro-nano bioactive glass containing magnesium, which can release
magnesium, silicon, and calcium ions and has a positive impact on osteogenic differentiation and
vascular regeneration. In this study, MgMNBG was compounded and combined with PLGA and
PCL for 3D printing. Afterwards, the physicochemical properties and bone repair performance of
the scaffolds were evaluated through in vitro and in vivo experiments. We also investigated the
effects of MgMNBG on osteogenic differentiation, immune regulation, and vascular regeneration.
The results showed that MgMNBG can inhibit inflammation and promote osteogenesis and
angiogenesis by regulating macrophages. PLGA/PCL/MgMNBG scaffolds have good osteogenic
and angiogenic effects, and the composite scaffolds have excellent bone repair performance and
potential application value.

Keywords: micro-nano bioglass; 3D printing; osteogenesis; angiogenesis; immunomodulation

1. Introduction

In a clinical context, the repair of critical bone defects is an important topic; consequently, it is
necessary to develop scaffold materials conducive to bone tissue regeneration [1]. For patient-
individual, the 3D-printing materials used for bone defect repair should not only meet the strength
and degradation-rate requirements, but also have biological activity, in order to promote the
proliferation and differentiation of bone tissue stem cells [2,3]. In addition, scaffolds are also required
to be able to promote vascular regeneration and prevent excessive inflammatory reactions. Therefore,
we believe that introducing functional magnesium ions into 3D-printed scaffolds is a strategy worth
exploring to improve the biological activity of scaffolds.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Magnesium is an important and essential element for the human metabolism, and it plays an
important role in promoting new bone formation [4,5]. Furthermore, it plays an important role in
angiogenesis in the early stages of bone-defect repair [6]. Research has shown that magnesium ions
can also play an important role in immune regulation during bone repair[7]. In the early
inflammatory stage of bone repair, monocytes can be induced into macrophages, which is beneficial
for clearing excess and ineffective bone tissue. Mg?* can also induce macrophages to secrete anti-
inflammatory and osteogenic factors, thereby promoting bone tissue regeneration. It has been
reported that adding magnesium to titanium alloy, tricalcium phosphate [8,9], and other bone repair
materials can improve their osteogenic properties [10]. Mg?*is believed to activate the MAPK/ERK
signaling pathway and Wnt/B-catenin signaling pathway, consequently promoting the proliferation
and osteogenic differentiation of bone mesenchymal stem cells[11,12].

Micro-nano bioactive glass (MNBG) prepared using the sol-gel method has excellent biological
activity, uniform size distribution, and is of a regular shape [13,14]. It has great potential to be applied
as bone repair material[15]. When magnesium is added to MNBG, magnesium ions can be released
simultaneously with silicon and calcium ions [16,17]. This is an effective means to exert the biological
activity of magnesium ions in the scaffold.

For the bridging of critical-size bone defects scaffolds that can gradually be replaced by newly
formed bone are preferred. An effective strategy to tailor the scaffold’s degradation rate to the rate of
normal bone growth is combining degradable polymers that are suitable for 3D printing, with micro-
nano bioactive glass with appropriate degradation rate[18,19]. The selection of degradable polymers
for 3D printing has long been an important research topic, and there have been related reports in
previous studies [20-22]. The physical and chemical properties of composite scaffolds need to match
the properties of the bone tissue [23], and the degradability of polymers can be tailored to adjust the
overall degradation rate of the scaffold [24,25].

Soluble polymer materials such as poly(lactic-co-glycolic acid (PLGA) and polycaprolactone
(PCL) are biocompatible and degradable [26,27]. According to research reports, scaffolds prepared
from PLGA have a mechanical strength matching that of cancellous bone, and their degradation rate
can meet the needs of bone-defect repair. PLGA can be melted for printing [28,29], or it can be printed
dissolved in dioxane at a low temperature of -20 °C [30,31]. The above methods have high
requirements in terms of temperature conditions, and 3D-printing PLGA at room temperature
instead is a desirable method. PCL also has osteogenic properties when combined with bioactive
glass [32,33]. However, PCL with high molecular weight often has a slower degradation rate than
PLGA; thus, when chosen as scaffold material, it is advisable to choose PCL with a slightly lower
molecular weight. In addition, when PCL and PLGA are miscible, PCL can reduce the viscosity of the
PLGA solution and the fluid formed by adding bioglass is more suitable for extrusion printing.
Moreover, bioglass can adjust the pH of the surrounding environment to minimize the negative
impact of lactic acid produced during PLGA degradation.

Previous studies have shown that micro-nano bioactive glass (MNBG) can promote new bone
formation by releasing ions and inducing mineralization. The released Si and Ca ions in body fluids
can promote the proliferation and differentiation of osteoblasts [34-37]. The MgMNBG prepared in
this study can simultaneously release magnesium, silicon, calcium related ions, and the impact of
ions on osteogenic related cells is worth exploring.

In this study, we investigated the effect of MgMNBG on osteogenic performance and its impact
on angiogenesis. We hope to explore some mechanisms by which MgMNBG affects osteoblast
differentiation and vascular regeneration. To examine the effect of MgMNBG on immune regulation
through in vitro experiments, the effect of MgMNBG on macrophage phenotype and cytokine
secretion was studied.

We used 3D printing to prepare each group of composite scaffolds, and evaluated their physical
and chemical properties and biocompatibility, as well as their capacity for bone-defect repair through
in vivo experiments. The results were consistent with the in vitro experiments. Based on these results,
it can be expected that composite scaffolds with potential for practical application can be developed.


https://doi.org/10.20944/preprints202305.1953.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2023 doi:10.20944/preprints202305.1953.v1

2. Materials and methods

2.1. Preparation of MNBG and MgMNBG

The MgMNBG was prepared as follows: Briefly, 8 g of dodecylamine (Aladdin reagent) was
added to a mixture of 50 mL deionized water and 200 mL anhydrous ethanol (Guangzhou Chemical
Reagent Factory) and stirred at 37 °C until it dissolved. Then, 32 mL tetraethyl orthosilicate (TEOS)
(Guangzhou Chemical Reagent Factory) was added at a rate of 1 mL/min, while continuing to stir at
37 °C. After 1 hour of hydrolysis, 21 mL triethyl phosphate (Guangzhou Chemical Reagent Factory)
was added at 1 mL/min, and the mixture continued to react for 1 h. Finally, 27.5 g calcium nitrate
tetrahydrate and 7.5 g magnesium nitrate hexahydrate were dissolved in 50 mL deionized water; the
solution was slowly added to the above mixed suspension, and the stirring was continued until the
hydrolysis of each component was complete, to obtain a uniformly mixed suspension. After aging
for 1 day, the suspension was centrifuged to obtain a white gel. This gel was washed with deionized
water and ethanol 3 times, dried, and then treated in a muffle furnace at 650 °C for 3 h with heating
and cooling rates of 2 °C/min, to finally obtain MgMNBG powder. The obtained powder is ground
and sieved (38 um) .The preparation process of MNBG did not contain magnesium nitrate
hexahydrate; instead 33 g calcium nitrate tetrahydrate was used to participate in the reaction and the
rest of the steps were the same.

2.2. Preparation of PLGA/PCL, PLGA/PCL/MNBG, and PLGA/PCL/MgMNBG scaffolds

The model of the 3D printer used was 3D Bio-Architect® TB MINI (Genofei Biotechnology Co,
Ltd). Composite scaffolds with different mass ratios of MgMNBG and polymer (PLGA/PCL) were
prepared via 3D printing at room temperature. The weight ratio of PLGA, PCL, and MgMNBG was
7:3:4. The preparation method was as follows: 1.5 g PCL (Mw=4x10%) and 3.5 g PLGA (Mw=8x10¢%,
75/25) were dissolved in 2.5 mL 1,4-dioxane and 2 g MgMNBG was added under continuous stirring.
The solution was then transferred to the cartridge; and extruded at room temperature at 2.4-3.2 MPa,
printing speed is 6-13mm/s. The distance between strands was set to 300 um and scaffolds of different
shapes and sizes were printed. After printing, the scaffolds were frozen at -20 °C, stored for 24 h, and
finally freeze-dried for 48 h. The preparation method of PLGA/PCL/MNBG scaffolds was consistent
with the above method. PLGA/PCL scaffolds were printed with a weight ratio of PLGA:PCL=7:3.
Other methods were consistent with the preparation methods of PLGA/PCL/MgMNBG.

The PLGA/PCL/MgMNBG scaffold was scanned using Micro-CT (Nikon 160H, Japan), the tube
voltage was 75 kV, the tube current was 104 pA, the exposure time was 250 ms, and the number of
projections was 1000 frames.

2.3. Testing and characterization of the bioglass and the composite scaffolds

2.3.1. Microscopic topography analysis and energy spectrum analysis

High-resolution field-emission scanning electron microscopy (FE-SEM, Merlin Carl Zeiss Jena,
Germany) was used to analyze the microscopic topography of each group of 3D-printed scaffolds. In
order to improve the conductivity of the samples, the porous scaffolds were sprayed with Pt. To
investigate the elemental composition of the scaffolds, surface energy spectroscopy (EDS) analysis
was performed on the scaffold surfaces (FE-SEM, Merlin Carl Zeiss Jena, Germany) .

2.3.2. Analysis of particle size distribution and surface pore structure of MNBG and MgMNBG

After MgMNBG or MNBG were dispersed in a certain amount of solvent, the particle size
distribution was measured using Zetasizer Nano (Zetasizer Nano ZS, Malvern Instruments, UK). The
specific surface area of the MgMNBG microspheres was measured using a specific surface area and
porosimeter (BET, NOVA4200e, Quantachrome, USA). First, the powder was degassed at 250 °C for
4 h under vacuum conditions, and then the nitrogen adsorption and desorption points were
measured under different relative pressures in a nitrogen atmosphere. The Brunauer—-Emmett-Teller
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(BET) method was used to analyze the specific surface area of the microspheres. According to the
final results of nitrogen adsorption and desorption isotherms, the Barrett-Joyner—-Halenda (BJH)
method was used to calculate the pore volume and pore size distribution on the surface of the
microspheres.

2.3.3. Crystal characterization

Crystal images of MNBG, MgMNBG, and each group of scaffolds before and after
mineralization were determined using an X-ray diffraction analyzer (XRD, Pert3Power, PANalytical,
NLD). The experimental conditions used were Cu target Ka rays, the voltage was 40KV, the current
was 100 mA, and the scanning range 26 was 10°-90°.

2.3.4. Chemical structure analysis of bioglass

MNBG and MgMNBG were qualitatively examined using a Fourier-transform infrared
spectrometer (FTIR, Vector33, Bruker, Germany). The test method was as follows: the KBr powder
tableting method was adopted; the samples to be tested and the KBr powder were mixed and pressed
into tablets according to a mass ratio of 1:100, and the functional groups of the sample are determined
via the absorption spectrum of the sample at different wavelengths. The selected wavelength range
was 400~2000 cm.

2.3.5. Porosity test of scaffolds

For the porosity test Archimedes’ principle was adopted. First, the dry weight of the scaffolds (5
parallel samples) Mo was measured, then the scaffolds were immersed in well plates with absolute
ethanol. The orifice plate was put under vacuum so that the ethanol entered the pores, then the wet
weight M2 and floating weight M1 were determined after turning off the vacuum pump
(porosity=(M2-Mo)/(M2-M1)x100%). The measurement was performed for 5 samples per group.

2.3.6. Mechanical properties

In order to study the mechanical properties of the scaffolds, a universal testing system
(Instron5967, INSTRON, USA) was used. The scaffolds were printed as cuboids, with bottom
dimensions of 0.8 cmx0.8 cm and a height of 2 cm. The dimensions of each scaffold were measured
individually, and the compression experiment was carried out at a speed of 0.5 mm/min. When the
deformation of the stress—strain curve was 10%, the slope represented the compressive modulus, and
the measurement was repeated for 5 samples.

2.3.7. pH of scaffolds in simulated body fluid (SBF)

The 3D-printed composite scaffolds were soaked in SBF at a solid-liquid ratio of 1 mg/mL for
different times, and pH was measured with a pH meter (Shanghai Yidian Scientific Instrument Co,
Ltd). The scaffolds were placed in 100 mL polyethylene bottles separately, and corresponding SBF
was added. Then, they were placed on a shaker at 100 rpm and shaken at 37 °C. The pH of the SBF
was measured after 1, 3, 7, 14, 21, and 28 days, and the measurement was repeated for 5 samples.

2.3.8. In vitro degradation performance

The degradation properties of 3D-printed scaffolds were measured using SBF. First, the mass of
the scaffolds in the dry state was determined, denoted as Wo, then the scaffolds were immersed in
SBF at a solid-liquid ratio of 1 mg/mL, and placed on a shaker with a rotation speed of 100 rpm at a
temperature of 37 °C. After 1, 3, 7, 14, 21, and 28 days, the scaffolds were taken out, rinsed with
deionized water, dried in an oven, and then weighed to record the mass as W, with 5 parallel samples
in each group. The scaffold degradation mass loss (weight loss) was calculated using the following
formula:

Weight loss (%) =(W-Wo)/Wox100%.
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Wi is the original weight of the scaffold, and Wt is the mass of the scaffold after degradation at
different times.

2.3.9. Ion release from each group of scaffolds in SBF solution

Each group of scaffolds was immersed in SBF at a solid-liquid ratio of 10 mg/L in bottles
separately, and then placed on a constant temperature shaker at 37 ° C and 100 rpm for 1, 4, 7, and 14
days before being sampled separately. An inductively coupled plasma emission spectrometer (ICP,
PS1000-AT, Leeman, USA) was used to measure the ion release from the scaffolds at different time
points in SBF. The measurement was repeated for 5 samples.

2.4. Evaluation of osteogenesis in vitro

2.4.1. Preparation of extracts and determination of ion concentration

MgMNBG and MNBG powders were sterilized at high temperatures in an autoclave and
dispersed in DMEM (high glucose) at a concentration of 20 mg/mL. They were placed on a shaker at
a temperature of 37 °C and a rotating speed of 100 rpm for 24 h. After centrifugation at 8000 rpm for
5 min, the extracts were filtered through a microporous membrane (0.22 yum). Finally, the medium
was diluted 20 times with high-glucose medium, and 10% FBS and 1% P/S (penicillin/streptomycin)
were added to obtain the extract medium. The concentration of each ion in the extract was determined
using an inductively coupled plasma emission spectrometer (ICP, PS1000-AT, Leeman, USA).

2.4.2. The effect of bioglass extracts on the viability and proliferation of mBMSCs

To culture mouse bone marrow mesenchymal stem cells (mBMSCs) for live-dead staining,
1.5x10* cells per well were plated in 48-well plates. After adhesion, the culture medium was replaced
with the extraction medium of MgMNBG and MNBG. Medium without the extract was used as the
blank control. The medium was changed every 2-3 days. After 1, 4, and 7 days, a live—dead staining
kit (Beyotime) was used to carry out the live-dead staining of the cells in the plates.

To measure cell proliferation mBMSCs were seeded into 96-well plates at a density of 5x10%/well.
After the cells adhered, the medium was replaced with the above-mentioned extracts. The medium
was changed every 2-3 days. When each group was cultured with mBMSCs for 1, 4, and 7 days cell
proliferation was detected using the CCK-8 kit (Cell Counting Kit-8) according to the manufacturer’s
instructions (DOJINDO, Japan).

2.4.3. Cell proliferation on scaffolds

Each composite material was used to print circular scaffolds with a diameter of 9 mm and 4
layers. The scaffolds were placed in 48-well plates, sterilized with 75% alcohol and UV light for 24h,
and then washed three times with PBS. The irradiated scaffolds were transferred to the new 48-well
plate, and 5x104 cells were seeded on each scaffold. After adhesion, the complete culture medium was
changed the next day. One or four days later, the live-dead staining kit (Beyotime) was used to dye
the cells on the scaffolds” surface. Photos were taken under an inverted fluorescence microscope
(ZEISS, Germany).

The sterilized scaffolds were placed in 48-well plates, then mBMSCs were seeded at a density of
2x10%well, and the complete medium was changed every 2 days. The medium was removed after
cultivation for 1, 4, and 7 days, and the scaffolds were transferred to a new 48-well plate. A volume
of 250 uL complete medium (containing 10% CCK-8) was added to each well and incubated in an
incubator at 37 °C for 60 min. After that, 100 uL of the CCK-8 medium from each well was slowly
and carefully transferred to a 96-well plate.

Then, the plate was placed into a microplate reader and a wavelength of 450 nm was used to
measure the light absorption. The experiment was performed three times.
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2.4.4. Alizarin red staining

The mBMSCs were seeded into a 48-well plate at a density of 1.5x10%/well. After adhering, the
culture medium was replaced with osteo-induction extraction medium of MgMNBG and MNBG
(osteogenic induction supplements were 50 ng/mL ascorbic acid, 10 mM sodium (-glycerophosphate,
and 10 nM dexamethasone). The osteoinduction medium without the extract was set as the blank
control. Alizarin red staining solution (Beyotime) was used for staining after eight days of cultivation,
and the steps were as follows: each well was washed three times with PBS; then, 4%
paraformaldehyde was added to each well for 20 min at room temperature; after that, ultrapure water
was used to wash each well three times; 200 pL of alizarin red staining working solution was added
to each well; and the samples were placed on a shaker at room temperature for 5 min. After that, the
staining solution was aspirated, samples were washed with ultrapure water twice, photographed
with a camera, and finally observed and photographed under an inverted fluorescence microscope
(ZEISS, Germany).

2.4.5. Alkaline phosphatase staining and quantitative analysis of ALP

The mBMSCs were cultured and seeded into 48-well plates at a cell concentration of 1.5x10%/well.
After the cells adhered, the culture medium was replaced with the above 3 kinds of osteogenic
induction media based on control medium or the bioglass extracts. The medium was changed every
2-3 days. After culturing for 7 days, the medium was removed and the samples were washed three
times with PBS. Cells were fixed with 4% paraformaldehyde for 30 min and washed three times with
PBS again. Then, 200 uL of prepared BCIP/NBT staining working solution (Beyotime, China) was
added to each well and the samples were incubated at room temperature for 30 min in the dark. After
that, the staining solution was removed and the samples were washed three times with PBS. The
images of ALP staining were taken using an inverted microscope.

Quantitative ALP detection: The mBMSCs were cultured and seeded into 24-well plates at a cell
concentration of 3.5x104/well. After culturing for 24 h, the cell culture medium was replaced with the
above 3 kinds of media containing osteogenic induction supplements. The medium was changed
every 2-3 days. After 7 or 14 days, the culture plate was placed on ice and the samples were washed
with PBS. A total of 100 pL of lysis solution (10 mL RIPA+100 uL PMSF, ratio 100:1) was added to
each well, the samples were lysed for 30 minutes, pipetted into eppendorf tubes and centrifuged at
13,000 rpm for 15 minutes. Total protein was detected using a BCA kit (Thermo Fisher), then detected
using a quantitative ALP detection kit (Beyotime). The detection was carried out according to the
manufacturer’s instructions. The experiment was performed three times.

2.4.6. Expression of osteogenesis-related genes

The mBMSCs were seeded into 24-well plates at 3.5x10* cells/well. After 24 h, the culture
medium was changed every 2 days. After 7 and 14 days of culture, total RNA was extracted from
each group and then reverse transcribed into cDNA. Then, real-time quantitative PCR was used to
detect related genes (Life Technologies, US). The detected genes were ALP, OPN, OCN, COL1,
RUNX2 and GAPDH, which was the housekeeping gene (Thermo, US). The experiment was repeated
3 times. Using the blank group as the control group, calculate the relative expression levels of each
gene using 2-44CT,

2.5. Phenotypic requlation of macrophages by MgMNBG and MNBG extracts

2.5.1. Phenotypic detection of macrophages

CD11c and CD206 were selected as specific marker molecules on the surface of macrophages,
and flow cytometry (FACSCALIBUR, BD, US) was used to detect the overall polarization state of
macrophages cultured in MgMNBG and MNBG extracts. The effect of the extracts on the polarization
phenotype of RAW 264.7 macrophages was investigated after cultured for 4 days.
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Raw 264.7 macrophages were seeded into 6-well plates at a density of 1.5x10° cells/well, and the
solution was changed once a day. When the density reached 80%, the culture medium was replaced
with the extract medium prepared above. After 4 days of cultivation, the cultured cells were removed
and tested using flow cytometry. FITC anti-mouse CD11c and PE anti-mouse CD206 (Ebiscience, US)
are used for labeling macrophages.

2.5.2. Gene expression related to macrophage inflammation and pro-osteogenic factors

Raw 264.7 macrophages were seeded into 24-well plates at a density of 3x104 cells/well, and the
solution was changed once a day. After four days of cultivation, the well plates were removed and
RNA was extracted from each well and reverse-transcribed into cDNA. Then, RT-PCR was used to
detect the mRNA expression of inflammation-related genes IL-13, TNF-a, IL-6, IL-10, IL-lraand
Arginase. Expression of pro-osteogenic factors related genes VEGF, TGFf1, TGFpB3 and BMP-2
.The experiment was repeated 3 times.

2.6. Investigation of MgMNBG and MNBG extracts promoting angiogenesis in vitro

2.6.1. Preparation of endothelial medium extract of MNBG and MgMNBG

For the preparation of MgMNBG/ECM and MNBG/ECM extracts 1 g MNBG or MgMNBG was
sterilized, dispersed in 50 mL basal endothelial cell culture medium (ECM, ZhongQiaoxinzhou,
Shanghai), placed on a 37 °C shaker, and shaken at 100 rpm for 24 h. After the extraction was
completed, the culture medium was centrifuged at 5000 rpm. The supernatant was filtered and
sterilized with a 0.22 um filter, the extract was diluted 20 times, and then 5 % FBS and endothelial
medium supplements were added to obtain the extraction media, which were labeled as
MgMNBG/ECM or MNBG/ECM. ECM complete culture medium was set as the control.

2.6.2. CD31 immunofluorescence staining and quantitative fluorescence analysis

HUVECs were seeded into 96-well plates at a density of 4x10° cells/well. After the cells adhered,
the medium was replaced with MgMNBG/ECM or MNBG/ECM. The complete culture medium was
set as the control, and the medium was changed every day. After 3 days, the medium was aspirated
and cells were fixed via washing with PBS, addition of 200 uL 4% paraformaldehyde per well, and
incubation for 30 minutes. After that, samples were washed 3 times with PBS, treated with 0.5%
TritonX-100 for 10 min, blocked with BSA/PBS solution (3%) for 1 h, the CD31 antibody was diluted
with 1% BSA/PBS solution at 1:80, samples incubated in 100 uL of CD31 antibody (Abcam, US)
overnight in a refrigerator at 4 °C. On the second day, samples were washed three times with PBS,
then incubated with a secondary antibody, namely goat anti-mouse immunoglobulin G (Alexa 488,
Abcam, US), the secondary antibody was diluted with 1% BSA/PBS solution at 1:200. Then, the
nuclei were dyed with DAPI (dilute with PBS at 1000 times) for 5 minutes. Observation and
photography were carried out using an inverted fluorescence microscope. Furthermore, fluorescence
intensity was quantified and analyzed using Image] software.

2.6.3. Quantitative analysis of angiogenesis-related gene expression

HUVECs were seeded into 24-well plates at a density of 8x10* cells/well. After 24 h, when the
cells adhered, the medium was replaced with the above 3 kinds of ECM culture media, and the
medium was changed every day. After 3 days of culture, total RNA was extracted from each group
and then reverse-transcribed into cONA. Then, real-time quantitative PCR was used to detect related
genes. The detected genes were angiogenin, fibroblast growth factor-2 (FGF-2), and Stromal cell
derived growth factor (SDF), and GAPDH was used as housekeeping gene. The experiment was
repeated 3 times.
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2.7. In vivo experimental evaluation

The rat skull defect model was used to evaluate the repair of the bone defect. The scaffolds were
divided into 4 groups, the blank group, the PLGA/PCL/MNBG group, the PLGA/PCL group, and
the PLGA/PCL/MgMNBG group. The size of the scaffolds was 4.6 + 0.2 mm in diameter and 3 layers
were printed.

The specific method is as follows. A total of 20 adult male rats (250-300 g, SD, purchased from
Guangzhou Pharmaceutical University, Ethics Certification Committee No. Gdpulacspf 2017517)
were anesthetized with chloral hydrate (10%, prepared with normal saline) after general anesthesia
(610 mL per rat according to the weight of the rats). After sterilizing the head area to be operated on
with iodophor, a 1.4-1.6 cm incision was made along the centerline of the skull, and the skin tissue
on the skull was separated to both sides. Using a circular drill to create a bone defect with a diameter
of 5 mm in the skull bone tissue, the scaffold was implanted, and the skin and intimal tissue on both
sides were pulled together to suture. After 4 weeks and 8 weeks following implantation, rats were
sacrificed using intraperitoneal injection of anesthesia (30% chloral hydrate). Finally, the scaffolds
and skull tissue were removed and immersed in 4% paraformaldehyde for one week.

Micro-CT was used to scan the scaffold and surrounding tissues with a test voltage of 70 kV, a
current of 100 pA, a minimum resolution of 22 um, a rotation step of 0.6°, and a 180° scan. Then, the
three-dimensional morphology of the sample was reconstructed, and the percentage of bone
formation was calculated (BV/ TV).

After scanning, the samples were immersed in 10% EDTA to decalcify for 4 weeks, and
embedded in paraffin for sectioning. The sections were stained with Masson and H&E, as well as
immunohistochemical staining for BMP2, OCN, and CD31 (HRP-conjugated goat anti-rabbit 1gG,
1:2000 diluted), and in selected areas with equal area staining the number of new blood vessels was
counted.

2.8. Statistical analysis

All experiments were carried out in three parallel experiments, and the data are expressed as
mean + SD. The experimental data were analyzed using one-way ANOVA and were compared
between groups. When P<0.05, this was defined as significant difference.
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Figure 1. Schematic illustration showing the preparation process of PLGA/PCL/MgMNBG 3D-printed
scaffolds and the experimental design.

3. Results
3.1. Characterization of MNBG, MgMNBG, and 3D-printed composite scaffolds

3.1.1. Morphology and particle size distribution of MNBG and MgMNBG

Using the sol-gel method combined with dodecylamine (DDA) as a template and catalyst,
micro-nano bioactive glass microspheres with uniform particle size distribution and dispersibility
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were prepared, namely MNBG (Figure 2C(a)) and MgMNBG (Figure 2Cb). Both MgMNBG and
MNBG have regular spherical morphologies. In the ethanol/water reaction system, DDA acts as a
weak alkaline surfactant and a catalyst to control the hydrolysis—condensation reaction while
regulating the hydrolysis of the glass precursor (TEOS) into glass sol. DDA also forms hydrogen
bonds between its own hydrophilic amino groups and the formed glass sol, while hydrophobic
alkane ends accumulate and synergistically assemble a spherical structure. When TEOS is added
slowly, the hydrolysis rate of the system is greater than the polycondensation rate, so a
polycondensation reaction occurs in multiple dimensions to form monodisperse micro-nanospheres.

The average particle size of MgMNBG was 480 nm #+ 50 nm (Figure 3Ad), and the average
particle size of MNBG was 540 nm + 50 nm (Figure 3Ac). The particle size distribution can be fitted
using a normal distribution curve. The XRD spectrum shows that MNBG and MgMNBG had
dispersion peaks similar to those of bioactive glass (Figure 2Aa). The infrared spectrum shows that
the absorption peaks at wavelengths 1090, 800, and 475 cm™ belong to the asymmetric stretching
vibration of Si-O-Si (Figure 2Ab).
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Figure 2. Characterization of MNBG and MgMNBG, surface energy spectra of the scaffolds. A(a) XRD
spectra of MNBG and MgMNBG; (Ab) FTIR spectra of MNBG and MgMNBG; (Ac),(Ad) Particle size
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distribution of MNBG and MgMNBG; (Af),(Ae) pore distribution of MNBG and MgMNBG particles.
(B) Surface energy spectra of the composite scaffolds.

3.1.2. Analysis of the surface pore structure of MNBG and MgMNBG

The mesoporous structure of bioactive glass facilitates the release of ions. During the formation
of bioactive glass, the heat treatment to remove organic compounds generate pore structures on the
surface. The curve in this study was consistent with the type IV adsorption and desorption curve,
and the hysteresis loop was type H3, so it had the typical adsorption—-desorption characteristics of a
mesoporous structure (Figure 2Ae and Ad). From the pore-size-distribution diagram, the specific
surface area of MgMNBG was 109.060 m?/g and the average pore size was 4.892 nm; the specific
surface area of MNBG was 22.324 m?/g and the average pore size was 3.050 nm. The smaller
mesoporous structure of bioglass may have been caused by the slit pores formed by the continuous
accumulation of nanoparticles. This indicates that the addition of magnesium ions did not reduce the
porosity and specific surface area of micro-nano bioactive glass, but rather improved it.

A PLGA/PCL PLGA/PCL/MNBG  PLGA/PCL/MgMNBG B PLGA/PCL/MgMNBG

0 um
L

s
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Figure 3. Morphological characterization and depiction of mineralization of 3D-printed composite
scaffolds: (A) Representative digital photos of PLGA/PCL, PLGA/PCL/MNBG, and
PLGA/PCL/MgMNBG scaffolds. (B) CT three-dimensional scanning of a PLGA/PCL/MgMNBG
scaffold. (Ca) Morphology of MNBG; (Cb) morphology of MgMNBG; (Cc),(Cd) SEM surface
morphology of a PLGA/PCL scaffold; (Ce),(Cf) SEM surface morphology of a PLGA/PCL/MNBG
scaffold; (Cg),(Ch) SEM surface morphology of a PLGA/PCL/MgMNBG scaffold. (Da),(Db) Surface
morphology of a PLGA/PCL/MNBG scaffold after mineralization in SBF for 3 or 7 days; (Dc),(Dd)
surface morphology of PLGA/PCL/MgMNBG scaffold after mineralization in SBF for 3 or 7 days.
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3.1.3. Morphology and energy spectrum analysis of the 3D-printed scaffolds

The 3D-printed scaffold had a good connectivity within the porous structure, with a pore width
of about 200-300 pm. Furthermore, the particles were well wrapped in PLGA and PCL (Figure 3),
and the surface of the PLGA/PCL scaffolds was relatively smooth after freeze-drying.

Element distribution on the surface of composite scaffolds indicated that the elements contained
in MgMNBG or MNBG were evenly distributed on the surface of the scaffolds. The elemental carbon
visible in the energy spectrum is derived from the polymers.

3.1.3. Analysis of mechanical properties

The compressive strength of the PLGA/PCL scaffold was 2.15 Mpa, and the compressive
strengths of the PLGA/PCL/MgMNBG and PLGA/PCL/MNBG scaffolds were 4.65 MPa and 4.57
Mpa, respectively. The addition of micro-nano bioactive glass can enhance the hardness and strength
of the scaffolds because of its dispersion in the polymer. The binding force between the polymer and
particles increases the strength of the scaffolds. The interaction force between the particles also
provides mechanical support. Therefore, the addition of MgMNBG or MNBG can improve the
mechanical strength of the scaffolds and reduce the risk of brittle fracture of the scaffolds.

3.1.4. In vitro degradation and ion release performance analysis of composite scaffolds

The in vitro degradation of the 3D-printed composite scaffolds was tested (Figure 4D). During
the first 3 days, polymers and bioglass began to degrade, and the weight of scaffolds in each group
continued to decrease with the immersion time. However, during days 7-14, the weight loss of the
PLGA/PCL/MgMNBG and PLGA/PCL/MNBG scaffolds was slower. The reason for this is that
hydroxyapatite deposits were continuously formed on the surface of bioglass in the scaffolds
immersed in SBF. The residual weight of the scaffolds after being degraded in SBF was more than
60% after 28 days of degradation. Because of the mineralization of bioglass, PLGA/PCL/MgMNBG
and PLGA/PCL/MNBG scaffolds degraded slightly slower than PLGA/PCL scaffolds. The
degradation process of PLGA included the gradual transformation of the polylactic acid-glycolic acid
into small molecules and their final degradation into lactic acid (Figure 4F) and water molecules.

The degradation rate of the composite scaffolds for tissue repair needs to match the rate of new
bone formation. The composite scaffolds degraded slowly in SBF. As time progressed, MgMNBG or
MNBG gradually made contact with the simulated body fluid and the ions were gradually released
(Figure 4G, 4H, 4I). This characteristic has positive significance in the process of implantation and
repair.

Mg, Si, and Ca ions can be continuously released in simulated body fluids with the degradation
of the scaffold. Magnesium ions can reach 38 ppm after 3 days of cumulative release and over 50 ppm
after 7 days of cumulative release, which is conducive to the cell-induction function of magnesium
ions (Figure 4I). The continuous release of silicon and calcium ions is also conducive to new bone
regeneration.

3.1.5. Mineralization activity analysis of 3D-printed scaffolds

Hydroxyapatite was formed on the surface composite scaffolds when immersed in SBF (Figure
3D). The mineralization process of the scaffolds was characterized and analyzed using XRD, and the
characteristic peak of hydroxyapatite became stronger as time progressed (Figure 4A).

The diffraction peaks indicating mineralized HA crystals of PLGA/PCL/MgMNBG and
PLGA/PCL/MNBG were detected at 3 days of mineralization, and mineralization reached a higher
level at day 7. In the XRD pattern, the characteristic diffraction peaks of HA appear at 26°, 32°, 46°,
and 49° in the spectrum, indicating different crystal planes of HA. The form of hydroxyapatite in the
process of mineralization has positive significance for the formation of new bone and in combination
with new bone tissue.
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Figure 4. Physicochemical properties of 3D-printed composite scaffolds; (A) XRD patterns of the
composite scaffolds mineralized in SBF solution for 3 and 7 days; (B) pH change during the
degradation of composite scaffolds in SBF; (C) remaining weight of scaffolds during degradation; (D)
mechanical strength of the scaffolds; (E) porosity of the composite scaffolds; (F) lactic acid

concentration during degradation in SBF; (G),(H),(I) ion release curves during the degradation
process of the composite scaffolds.

3.2. Analysis of osteogenesis promoted by scaffolds and their extracts in vitro

3.2.1. Cell viability and proliferation

The scaffolds were seeded with mBMSCs, and the proliferation of the cells was detected using
CCK-8 (Figure 5C). It was shown that cells on the scaffolds proliferated over time. The cell
proliferation rate on PLGA/PCL/MgMNBG scaffolds was higher than that on PLGA/PCL/MNBG and
PLGA/PCL scaffolds on the fourth and seventh day. This illustrates that the PLGA/PCL/MgMNBG
3D-printed scaffolds have good biocompatibility, which is conducive to the adhesion and growth of
cells.

Viability staining of cells in the medium extracts showed that the MgMNBG and MNBG group
had faster cell proliferation rate (Figure 5B). After 4 days of culture, we observed differences between
the OD values of the groups. The OD value of the MgMNBG group was higher than that of the MNBG
group and also higher than the other groups (Figure 5C). On the seventh day, MgMNBG showed its
stronger ability to promote cell proliferation. Based on the above results, it can be concluded that

MgMNBG introduced into the PLGA/PCL/MgMNBG system has the effect of promoting cell
proliferation.
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Figure 5. Adhesion and proliferation of mBMSCs: (A) live-dead staining of cells cultured in extract
media for 1, 4, and 7 days; (B) cell proliferation of mBMSCs cultured in extracts for 1, 4, and 7 days. *
P <0.05 vs. control group; * P <0.05 vs. MNBG group. (C) the proliferation of cells on scaffolds for 1, 4,
and 7 days, * P <0.05 vs. control group; # P <0.05 vs. PLGA/PCL/MNBG group.

3.2.2. ALP activity staining and quantitative analysis

It was shown that the ALP expression of the MNBG and MgMNBG groups was higher than that
of the blank group, and the expression level of the MgMNBG group was higher than that of the
MNBG group (Figure 6A). In addition, quantitative analysis results showed a higher ALP activity of
cells grown on MgMNBG at 7 days and 14 days compared to the MNBG group and the control group
after the same number of days (Figure 6C). The results were consistent with the staining results,
verifying that the MgMNBG group had the highest ALP activity compared to the other groups. The
results show that the extract medium of MgMNBG can promote the osteogenic differentiation of
mBMSCs.

3.2.3. Analysis of Alizarin Red staining

The plate was stained with alizarin red working solution after 8 days of cultivation (Figure 6B).
The results showed that the mineralized MgMNBG scaffolds had higher calcium content than the
MNBG group which in turn had a higher content than the control group. This result objectively
demonstrates that MgMNBG has the effect of promoting osteoblast mineralization and osteogenesis.

3.2.4. Expression of osteogenesis-related genes

When mBMSCs cultured with the extract medium containing osteogenic induction for 7 and 14
days, the expression of the ALP, RUNX2, OPN genes in the MgMNBG group was significantly higher
than the other groups (Figure 6D and E). The expression in the MNBG group was also higher than
that in the control group. After 14 days of culture, the expression of COL1 and OCN in MgMNBG
group was significantly higher than other groups. The higher concentration of the elemental Mg in
the MgMNBG extract was conducive to cell proliferation and differentiation, and it showed a
stronger ability to promote osteogenic gene expression than the MNBG extract. This indicates that
MgMNBG has the strongest ability to promote osteogenic differentiation.
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Figure 6. Effects on osteogenic differentiation of mBMSCs cultured for 7 days and 14 days; (A) alkaline
phosphatase staining of mBMSCs cultured in extracts for 7 days; (B) alizarin red staining of mBMSCs
cultured in extracts for 8 days; (C) ALP quantification of mBMSCs cultured in extracts for 7 and 14
days; (D) expression of osteogenic genes (ALP, OCN, OPN, COL1, RUNX2) at 7 and 14 days. * P <0.05
vs. control group; * P <0.05 vs. MNBG group. .

3.3. The Effect of Extracts on Macrophages

3.3.1. Regulation of Macrophage Phenotype by Extracts

When macrophage was cultured in the extracts for 4 days, each group exhibited different levels
of CD206 and CD11c expression. The expression levels of CD206 and CD11c in the MNBG group
were 49.7% and 43%, the ratio of M2/M1 was 1.42 (Figure 7A), while the CD206 expression level in
the MgMNBG group was higher than in the MNBG group, reaching 61.2%. Furthermore, the ratio of
M2/M1 was 1.64, while the M2/M1 ratio in the control group was 0.896. The M2/M1 value in the
MgMNBG group was relatively higher, indicating that the overall proportion of M2-type
macrophages was highest after cultivation in extract. The reason for this is that the relatively higher
concentrations of Mg? and silicate ions released by MgMNBG have a stronger regulatory effect on
the phenotype of macrophages, which can promote the differentiation of macrophages into the M2

type.

3.3.2. Expression of macrophage-polarization-related inflammatory genes

Compared to the control group, IL-1( and IL-6 gene expression was downregulated to varying
degrees in the MNBG and MgMNBG groups. Among them, MgMNBG showed a more significant
upregulation of gene expression of the anti-inflammatory factors IL-1ra, arginase, and IL10. This
indicates that the MgMNBG extract polarized towards the anti-inflammatory M2 phenotype after
four days of cultivation of macrophages (Figure 7B). Combining this with the results of flow
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cytometry, it can be concluded that MgMNBG has a good effect in terms of inhibiting the expression
of inflammatory genes and promoting the expression of anti-inflammatory genes.

3.3.3. The Effect of Extracts on the Secretion of Bone-Related Factors by Macrophages

Pro-osteogenic related factors BMP-2, VEGF, TGF{31, and TGF3 were used to test the effect of
the extract on the regulation of macrophages and the characterization of the mRNA expression levels
of genes related to bone regeneration. The results show that the expression of VEGF, BMP2, and
TGFp1 in the MgMNBG group was upregulated with a significant difference. This indicates that the
magnesium, silicon, and calcium ions released by MgMNBG have a significant promoting effect on
the expression of osteogenic-related factors, which is of great significance for osteogenic
differentiation and vascular regeneration during bone repair.

A CD206 CDh11C
i A
Lo [ | 200 |
A
— 15
°i = 1] | 4414% | g e [ 492%
= 4 5 all 3 | )
g b4 8 100°) i | 8 100 i
O 3 [ .
50 ) 5] s
R R
) . oo T . T
0 2 w0 &0 80 K 0w w0 0t W ow @ e W
FSC-H: FSC-Height FL2-H: CD206PE FL1-H: CD11C FITC
L 2 30 A 250 é
FSC-HoighL SSCHoghtsubsat A [
80) -1862% 3 | ¥ 200 | |
Y ' |
o i s | IR [
i 3 il 3 . |
5 o J v O |
H 100} ‘.‘ ‘
a 0 i
\ 5 ‘.\
T T T 0. T T T — ™ o YT L e L) T
° 00 <00 €00 80 K ‘90 10‘ ‘02 103 ‘D‘ ‘loc ID' 102 ‘03 IU:
FSC-H: FSC-Height FL2-H: CD206PE FL1-H: CD11C FITC
K 3 300 250 4
FaSHHcight, 3304 teght subset 4 b
Joam Il ¢
o . 0 ; fi 20 &
E o Boet2% | 2] L 373%
a =1 =1 |
S 1 8 i 8. W
E § o ! '\ 100 | ]
f A 50 f |
SR | |
; : é A i A \l e
o 20 w0 ow &0 K W o ¥ w0 o 0w w0 o w10
FSC-H: FSC-Height FL2-H: CD206PE FL1-H: CD11C FITC

Fold change

TNFa 1L6 1L1p 1L10 ILIra Arginase

3.0

I Control

[ MNBG &
259 MgMNBG #

Fold change
: 5 %

b
n

0.0 -

TGFp1 TGFB3 VEGF BMP2


https://doi.org/10.20944/preprints202305.1953.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2023 doi:10.20944/preprints202305.1953.v1

16

Figure 7. (A) FACS test results of RAW 264.7 cells cultured in the extracts for 4 days; (B) expression
of pro-inflammatory related genes in macrophages cultured in the extracts for 4 days; (C) expression
of anti-inflammatory related genes in macrophages cultured in the extracts for 4 days; (D) expression
of osteogenic-related genes in RAW 264.7 cells cultured in the extracts for 4 days.

3.4. Analysis of in vitro angiogenesis promoted by the extracts

3.4.1. CD31 immunofluorescence staining and fluorescence quantitative analysis

CD31 immunofluorescence staining was used to evaluate the effect of MgMNBG/ECM and
MNBG/ECM extracts on the angiogenesis of HUVECs. The results showed that the positive staining
intensity of the MgMNBG group and the MNBG group was higher than that of the control group
(Figure 8A). The results of the quantitative analysis of fluorescence intensity showed that the
MgMNBG group was relatively high compared to the MNBG group, and they all had significant
differences compared with the control group (Figure 8B). The above results indicate that the ions in
MgMNBG have a stronger ability to promote CD31 expression.

3.4.2. Expression of angiogenesis-related genes

After HUVECs were cultured for 3 days, the gene expression of FGF-2, SDF, and angiogenin in
the MgMNBG/ECM or MNBG/ECM extracts was significantly higher than in the control. Compared
with the MNBG group, the expression of gene SDF and angiogenin was upregulated in the MgMNBG
group (Figure 8C). Combined with the CD31 fluorescence staining results, it can be concluded that
MgMNBG can promote the generation of vascular-related factors to promote angiogenesis.

A CD31 DAPI Merge B
o1 LS £OF - L. .?:2-“
= g *H
=) & 2uel *
1 8 e it
N @ :
= g <2
= 3 @
& 3 g
200 pm g =084
B 044
g s Control MNBG MgMNBG
200 um
< w7
& ; £
2
=1 s 054
= 200 pm R 0iyaR )
S—— : SDF FGF-2 Anglogenin

Figure 8. In vitro angiogenesis performance test of HUVECs cultured in control, MNBG/ECM, and
MgMNBG/ECM. (A) CD31 immunofluorescence staining (CD31 staining depicted in green, DAPI in
blue); (B) quantitative analysis of immunofluorescence staining; (C) expression of SDF, FGF-2, and
angiogenin after 3 days of culture. * P <0.05 vs. control group, * P <0.05 vs. MNBG group. .

3.5. In vivo osteogenesis evaluation of 3D-printed composite scaffolds

3.5.1. Micro-CT scanning and quantitative analysis of bone defect repair

The micro-CT results indicate that after 4 and 8 weeks following implantation, new bone had
grown between the scaffolds and the original bone tissue (Figure 9). The implanted scaffolds
underwent partial degradation over time. Both the PLGA/PCL/MgMNBG and PLGA/PCL/MNBG
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groups showed good fusion with the surrounding new bone tissue, and new bone tissue grew around
the scaffolds. Additionally, new bone tissue reached the center of the bone defects at 8 weeks. In
particular, there was more new bone growth in the central area of the bone defect observed in the
PLGA/PCL/MgMNBG group compared to the other groups. This finding suggests that
PLGA/PCL/MgMNBG is beneficial for the formation of new bone and provides better conditions for
the migration and proliferation of osteoblasts.

This study found that the PLGA/PCL/MgMNBG scaffolds showed significantly more new bone
tissue growth, compared to PLGA/PCL/MNBG, PLGA/PCL, and the control. Quantitative analysis of
BV/TV confirmed this trend (Figure 9B). Even the PLGA/PCL scaffolds showed more new bone tissue
growth than the control, possibly due to the scaffold providing a medium for osteoblast migration.
The results suggest that MgMNBG has high biological activity and promotes bone tissue repair when
used in scaffolds for implantation.
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Figure 9. Implantation of 3D-printed composite scaffolds for repairing bone defects; (A) implantation
of scaffolds in skull defects; (B) BV/TV values of the implanted portion of the defect 4 and 8 weeks
after implanted into the defect; (C) micro-CT scanning analysis of skull defects and new bone
formation after 4 and 8 weeks following implantation.
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3.5.2. H&E and Masson’s trichrome staining of tissue sections

At four weeks, H&E and Masson'’s trichrome staining showed that new bone grew from the edge
of the host bone toward the center of the bone defect. Among them, the PLGA/PCL/MgMNBG and
PLGA/PCL/MNBG group showed more obvious manifestations. At 8 weeks, more new bone
formation appeared in the implanted skull defect center of the PLGA/PCL/MgMNBG group and the
PLGA/PCL/MNBG group. This indicates that pro-osteoblasts gradually migrated to the center of the
defect site to proliferate and differentiate to form new bone with the prolongation of implantation
time. However, in the blank group, new bone was formed only at the scaffold borders, near the
original bone tissue. These results also directly indicate that the PLGA/PCL/MgMNBG scaffolds were
more beneficial to the migration and proliferation of osteoblasts.
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Figure 10. Masson’s trichrome and H&E staining of the implanted scaffolds and the bone tissue
surrounding the skull defect; (A) staining of tissue sections after 4 weeks following implantation; (B)
staining of tissue sections after eight weeks following implantation. RS: residual scaffold; NB: new

bone.

3.5.3. CD31 immunohistochemical staining

Staining was carried out to evaluate the effect of scaffolds on the promotion of early angiogenesis
in bone repair during the first 4 weeks. The PLGA/PCL/MNBG and PLGA/PCL/MgMNBG groups
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showed positive expression of CD31 (Figure 11A). The positive expression was more obvious than in
the control. This phenomenon showed that the PLGA/PCL/MgMNBG group had a certain promoting
effect on the expression of CD31, and this result is consistent with the results from the in vitro
experiments (Figure 8). Quantitative calculation of blood vessel numbers also revealed that the
PLGA/PCL/MgMNBG group had significantly more neovascularization than other groups (Figure
11B). This phenomenon can be attributed to the existence of MgMNBG in the PLGA/PCL/MgMNBG
scaffold, which promotes vascular regeneration by releasing Mg?*and silicon ions. Based on the above
results, it can be concluded that both MgMNBG and PLGA/PCL/MgMNBG scaffolds have stronger
angiogenic effects compared to other materials tested.

3.5.4. OCN and BMP2 immunohistochemical staining

The result shows that PLGA/PCL/MgMNBG and PLGA/PCL/MNBG group were positive in
(expression of BMP2 and OCN, and the positive staining intensities of BMP2 and OCN were higher
in this group than in the PLGA/PCL group and the control (Figure 11C). In the experimental group,
the part of the scaffolds about to be degraded in the periphery was strongly stained. This
phenomenon can be explained by the impending formation of new bone near the degrading part of
the scaffold, and the ions released during the scaffold degradation can promote the expression of
osteogenic genes. The results indicate that PLGA/PCL/MgMNBG scaffolds can promote the
expression of BMP2 and OCN proteins.

A CD31 B
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! st i ; 40 {l PLGA/PCL
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Figure 11. Immunohistochemical staining of the implanted scaffolds and the bone tissue: (A) CD31
immunohistochemical staining at 4 weeks after implantation of the composite scaffolds; (B).

Quantitative statistics of the total number of blood vessels in selected areas with equal cross-
sectional area at four weeks; (C) BMP2 Immunohistochemical staining at 4 weeks and 8 weeks after
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implantation of the composite scaffolds; (D) OCN immunohistochemical staining at 4 weeks and 8
weeks after implantation of the composite scaffolds.

4. Discussion

The presence of magnesium ions is indispensable in the repair process of bone defects, and
studies have shown that magnesium can play an important role in early bone repair. It can affect the
differentiation of bone-marrow mesenchymal stem cells through the production of pro-osteogenic
factors by macrophages. In the late stage of bone healing, macrophages induced by magnesium ions
can secrete anti-inflammatory and osteogenic factors, promoting bone tissue regeneration. The influx
of Mg?* regulates immunity through TRPM7 and M7CKs channels, promoting recruitment and
differentiation of bone-marrow mesenchymal stem cells [38,39]. Some studies have shown that
adding magnesium to calcium phosphate [40,41] or alloys [42] can downregulate the expression of
macrophage inflammatory genes and promote the expression of osteogenic factors.

In in vitro experiments, the culture medium contained 0.8 mM of Mg?. After preparing the
extract of MgMNBG, concentrations of Mg?" and silicon ions were significantly increased, which is
the key to promoting the expression of osteogenic-related genes and regulating macrophage
polarization in in vitro experiments. In our in vitro experiments, we also observed that extracts of
MgMNBG can effectively downregulate the expression of macrophage inflammatory genes (IL6,
IL1B) and promote the expression of osteogenic-related factors (VEGF, BMP2, TGFp1), thus
promoting differentiation of bone-marrow mesenchymal stem cells and angiogenesis. In addition,
the silicon and calcium ions released by MgMNBG also have the function of promoting osteogenesis,
which was verified in the proliferation and differentiation experiments of mBMSCs cultured in vitro.
When HUVECs were cultured in the extracts, it was revealed that MgMNBG can promote the
expression of angiogenesis related genes.

It was verified that MgMNBG has the function of promoting the proliferation and differentiation
of osteoblasts, and it can also promote the expression of related osteogenic genes. Furthermore, it
showed a positive regulatory effect on the expression of osteogenic calcified nodules. The extract of
MgMNBG can regulate the differentiation of macrophages into the M2 type and promote the
expression of anti-inflammatory factors and bone-related factors, which play an important role in
promoting bone regeneration and defect repair.

The 3D-printed scaffolds consisted of PLGA and PCL as the carrier and, combined with
MgMNBG with osteogenic activity, they were verified to have good biocompatibility in experiments.
The excellent bioactivity of the micro-nano bioactive glass can enhance the biological activity of 3D-
printed scaffolds. PLGA and PCL have good biocompatibility and degradability, and the degradation
products can be metabolized in the body and excreted. The scaffolds were tested in simulated body
fluid to demonstrate that the release concentration of magnesium ions can reach a concentration
conducive to osteogenesis. Ca, Si, and Mg ions released by MgMNBG can not only neutralize the pH
reduction caused by the degradation of PLGA, which produces lactic acid, but also promote the
regeneration and differentiation of bone-marrow mesenchymal stem cells.

The in vivo bone-defect-repair experiment using the scaffolds showed that the bone-repair
performance of the PLGA/PCL/MgMNBG group was better than the other groups at 4 weeks and 8
weeks. One of the reasons for this is that the introduction of Mg? has a certain promoting effect on
early angiogenesis in the bone repair area. The results were consistent with the quantitative analysis
of CD31 staining and the number of blood vessels in in vivo experiments. Moreover, magnesium,
along with silicon and calcium ions, can better promote osteogenic differentiation, which is confirmed
by the results of the in vitro experiments.

Mg? mainly plays a role in the early stages of osteogenesis, and the excessive concentration of
magnesium may lead to NF-« B signal transduction, which can easily inhibit bone repair in the later
stage; consequently, it is necessary to control the concentration of magnesium ions. In this study, the
introduction of a certain amount of elemental magnesium in the MgMNBG and
PLGA/PCL/MgMNBG composite scaffolds ensures that its release concentration is not too high and
that its sustained release is within a safe concentration range.
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The in vitro and in vivo experimental results indicate that the PLGA/PCL/MgMNBG scaffolds
not only have good biodegradability and biocompatibility, but also excellent functions in promoting
bone-defect regeneration and repair. The scaffolds can release the functional ions Mg, Si, and Ca
through degradation of MgMNBG to regulate the secretion of osteogenic-related factors by
macrophages as well as promoting osteogenic differentiation and vascular regeneration, and thus
they have better bone repair effects than the other tested groups.

5. Conclusions

In summary, MgMNBG can promote the secretion of osteogenic-related factors through immune
regulation. The released Mg, Si, and Ca ions have the effect of promoting osteogenesis and
angiogenesis. The 3D-printed PLGA/PCL/MgMNBG composite scaffolds have good degradability
and biological activity, high pro-osteogenic properties, and promote angiogenesis. Therefore, they
have potential in medical applications.
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