Tissue Eng Regen Med (2019) 16(4):415-429 Online ISSN 2212-5469 TERM ()
https://doi.org/10.1007/s13770-019-00192-0 I EEBLF check for

updates

ORIGINAL ARTICLE

Three-dimensional Printed Mg-Doped B-TCP Bone Tissue
Engineering Scaffolds: Effects of Magnesium Ion Concentration
on Osteogenesis and Angiogenesis In Vitro

Yifan Gu'? - Jing Zhang>* - Xinzhi Zhang® - Guiping Liang"? - Tao Xu*>*® -
Wei Niu'”?

Received: 17 January 2019/Revised: 7 April 2019/ Accepted: 17 April 2019/ Published online: 17 June 2019
© The Korean Tissue Engineering and Regenerative Medicine Society 2019

Abstract

BACKGROUND: Three-dimensional (3D) printed bone tissue engineering scaffolds have been widely used in research
and clinical applications. B-TCP is a biomaterial commonly used in bone tissue engineering to treat bone defects, and its
multifunctionality can be achieved by co-doping different metal ions. Magnesium doping in biomaterials has been shown
to alter physicochemical properties of cells and enhance osteogenesis.

METHODS: A series of Mg-doped TCP scaffolds were manufactured by using cryogenic 3D printing technology and
sintering. The characteristics of the porous scaffolds, such as microstructure, chemical composition, mechanical properties,
apparent porosity, etc., were examined. To further study the role of magnesium ions in simultaneously inducing osteo-
genesis and angiogenesis, human bone marrow mesenchymal stem cells (hBMSCs) and human umblical vein endothelial
cells (HUVECs) were cultured in scaffold extracts to investigate cell proliferation, viability, and expression of osteogenic
and angiogenic genes.

RESULTS: The results showed that Mg-doped TCP scaffolds have the advantages of precise design, interconnected
porous structure, and similar compressive strength to natural cancellous bone. hBMSCs and HUVECs exhibit high
proliferation rate, cell morphology and viability in a certain amount of Mg>". In addition, this concentration of magnesium
can also increase the expression levels of osteogenic and angiogenic biomarkers.

CONCLUSION: A certain concentration of magnesium ions plays an important role in new bone regeneration and
reconstruction. It can be used as a simple and effective method to enhance the osteogenesis and angiogenesis of bioceramic
scaffolds, and support the development of biomaterials and bone tissue engineering scaffolds.
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1 Introduction

Autografts are considered the “gold standard” for repairing
bone tissue due to their high osteoinductive and osteo-
conductive properties [1, 2]. Usually, autologous bone is
taken from healthy tissue (e.g. ilium, tibia or calcaneus) of
the patient and re-implanted into the bone defect area. The
disadvantage is that the bone mass is limited and cannot
meet the needs of large bone defects. Prolonging the
operation time also increases the risk of surgical accidents
[3, 4]. Allografts are effective substitutes for autografts
from tissues obtained from human cadavers and donors.
However, there may be risks of immune rejection, low
biological activity and pathogen transmission [5]. Although
autologous or allogeneic bone grafting has been widely
accepted for centuries as a treatment for bone defects, the
recovery of large bone defects remains a clinical challenge
[6]. The development of bone tissue engineering tech-
niques has attracted great interest in artificial bone tissue
scaffolds. In order to be an ideal substitute for bone
implants, scaffolds must meet several requirements.

The biomaterial used to prepare the scaffold must have
excellent biocompatibility and appropriate biodegradability,
which is essential for cell adhesion, proliferation, differen-
tiation, and extracellular matrix formation [7]. B-TCP has
been proved to have good biocompatibility, and its com-
position is similar to natural bone mineral components [8].
In addition, the biodegradation of B-TCP (solubility product,
Ksp = 1.25 x 107?*) is much better than other popular
bioceramics, such as hydroxyapatite (Ksp = 2.35 x 1072,
which is more advantageous in fitting the bone reconstruc-
tion cycle [9]. In vivo, they can be degraded and absorbed by
the dissolution of body fluids and phagocytosis of cells. The
degradation products are calcium and phosphorus ions [10],
which can enter the circulatory system and become the basic
material for the formation of new bones.

It is also important for the scaffold to have sufficient
interconnected porous structure to provide adequate space
for biofixation between the scaffold and the reconstructed
tissue. Conventional methods for preparing porous scaf-
folds, such as gas foaming, solvent casting, melt casting,
and lyophilization, are difficult to control interconnects,
pore size, and total porosity. Depending on the pre-de-
signed shape, three-dimensional (3D) printing can produce
a porous scaffold that precisely controls the pore size and
interconnects [11]. It has become a key manufacturing
technology in bone tissue engineering and has been widely
used in pre-clinical or clinical applications [12]. Recent
studies have shown that 3D printed TCP scaffolds exhibit
efficient bone repair in different bone defect models, such
as femoral osteonecrosis [13], mandibular tumor [14],
distal femoral defect [15], and calvarial defect [16].
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The third requirement is excellent osteoinduction and
vascularization. Osteoinduction, which is generally defined
as the ability to induce differentiation of osteogenic pre-
cursor cells into mature bone cells or more simply, the
ability to induce osteogenesis [17]. Substantial studies
adopted the addition of functional ions to enhance the
osteoinduction of calcium phosphate. Magnesium (Mg) is
one of the most abundant ion in biological hard tissue, with
concentration around 0.6 (wt%) [18]. It has been reported
that magnesium ions (Mg?") have an effect on bone
metabolism, promoting new bone formation and inducing a
significant increase in osteogenic activity [19, 20], and they
also play a direct and important role in maintaining vas-
cular function [21, 22].

Another requirement is good mechanical performance,
ensuring that scaffold can withstand sufficient pressure
during surgery and recovery. High-temperature sintering
not only removes organic binders (such as cellulose,
hydrogels) from bio-inks, but also allows the materials to
bond more tightly, increasing the mechanical strength
[8, 23, 24]. Ion substitution can also occur during sintering,
such as replacement of a portion of Ca®" with Mg>*, which
can alter the mechanical and biological properties of the
material [25-27].

There is no relevant research report on the effects of
Mg*" concentration on mechanical and biological proper-
ties of porous TCP scaffolds. Our hypothesis is that prop-
erties of porous TCP scaffolds can be improved by 3D
printing techniques, high temperature sintering and
appropriate concentration of Mg doping. To confirm this
hypothesis, a series of Mg-doped B-TCP (Mg-TCP) scaf-
folds were prepared by 3D printing and sintering. The
physicochemical properties of the scaffold are character-
ized by porosity, surface microstructure and phase analysis.
The mechanical properties of the scaffold are characterized
by compressive strength. In order to study the effect of
Mg®" concentration on cellular behavior during bone
remodeling, we tested both human bone marrow mes-
enchymal stem cells (hBMSCs) and human umbilical vein
endothelial cells (HUVECSs). The effects of a range of
magnesium ion concentrations in real-time extracts of Mg-
TCP porous scaffolds on cell proliferation, viability and
gene expression levels of osteogenic and angiogenic rela-
ted genes were analyzed.

2 Materials and methods
2.1 Materials
CaHPO,4-2H,0, CaCO3, MgO, gelatin and absolute ethanol

were purchased from Shanghai Aladdin Bio-Chem Tech-
nology Co., Shanghai, China. Cell and cell-associated
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complete culture media were supplied by Cyagen Bio-
sciences Inc, Santa Clara, CA, USA. Reagents for cell
experiments will be described later. All the commercial
chemicals are analytically pure.

2.2 Fabrication and evaluation of Mg-TCP scaffold
2.2.1 Preparation of Mg-TCP powder

The B-TCP powder was synthesized by a high-temperature
solid phase reaction method using calcium hydrogen
phosphate dihydrate (CaHPO4-2H,O) and calcium car-
bonate (CaCOj3) [28]. Briefly, CaCO; and CaHPO,4-2H,0
powders were mixed at Ca/P = 1.5, and absolute ethanol
was added as a wet milling medium to obtain a reaction
slurry. After being ball-milled at 300 rpm for 2 h, the
material was placed in a blast drying oven to be sufficiently
dried. The muffle furnace was used to heat the mixed dry
powder gradient to 1000 °C to obtain B-TCP. The chemical
reaction equation is shown in Eq. (1):

2CaHPO; - 2H,0 + CaCO3 = Ca3(P0O4),+5H,0 + CO, 1
(1)

The Mg-TCP formula used in the present study was a
mixture of B-TCP and MgO powders at various ratios. Four
groups of Mg-TCP powders were prepared with MgO of 0,

1, 2, and 4 wt% (labeled as OMg-TCP, 1Mg-TCP, 2Mg-
TCP, 4Mg-TCP), and OMg-TCP (B-TCP) as the control.

Fig. 1 3D printing and
sintering process for Mg-TCP
porous scaffolds

=
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2.2.2 Fabrication of scaffolds through cryogenic 3D
printing and sintering

To prepare the Mg-TCP bio ink, 4 g of Mg-TCP powder
and 2 mL 20 wt% gelatin solution were added to a 10 mL
beaker. The powder—gel mixture was thoroughly stirred
with a glass rod until it looked like a toothpaste. The
printing procedure is shown in Fig. 1. Briefly, the pre-de-
signed print pattern was sliced and converted to a gcode file
by Slic3r (free access, Alessandro Ranellucci). These
gcode files were then sent to the 3D printer (Livprint Norm,
Medprin, Guangzhou, China). The powder-gel mixture was
loaded into a special 3 ml syringe, and a printing nozzle
having an inner diameter of 420 um (22 gauge) was used in
consideration of a suitable filament diameter and pore
diameter. The temperature of the platform was set to
— 5 °C to ensure rapid solidification. After all the printed
scaffolds were freeze-dried for 48 h, they were sintered at
1250° for 2 h in a muffle furnace to remove the organic
binder.

2.2.3 Scaffolds characterization

Four groups of Mg-TCP scaffolds were crushed and ground
into powders. The powdered scaffolds were analyzed by an
X-ray diffractometer (XRD; X’Pert PRO, PANalytical Co.,
Almelo, The Netherlands) using CuKa radiation
(A =1.5418 A, 40 kV, 40 mA). Data were collected for 26
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— 20 wt%gelatin solution
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|-|-| Mixing powder and gelatin solution

7
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from 10° to 80° with a step size of 0.0166° and estimated
by Jade software (version 6.5) with standard reference
intensity ratio (RIR) [29].

The morphology of scaffolds was observed by a field
emission scanning electron microscope (SEM; ULTRA 55,
LEO Gemini, Zeiss, Oberkochen, Germany) equipped with
an energy dispersive X-ray spectrometer (EDS; XFlash
6130, Bruker, Karlsruhe, Germany). Before SEM obser-
vation, all samples were mounted on an aluminum stub by
carbon tape and coated with a thin layer of gold. Accel-
erating voltages of 15 kV were used.

The compressive strength of Mg-TCP scaffolds samples
(10 mm x 10 mm x 8 mm) were measured using a uni-
versal material testing machine (Model E34, Exceed, MTS,
Eden Prairie, MN, USA) at a crosshead speed of 0.5 mm/
min.

Based on the Archimedes’ principle, the apparent
porosity of the scaffolds is determined by hydrostatic
weighing. The real volume (labeled as V) of the scaffolds
was calculated with Eq. (2):

Vi=(Wo+ Wi —W2)/pyuer (2)

where pyacer 15 the density of water (0.99705 g/cm3 ) at 25°,
Wy (g) is the weight of a pycnometer filled with deionized
water, W, (g) is the weight of each scaffold. The scaffold
was then immersed in a pycnometer and filled with
deionized water by vacuum. After that, the entire pyc-
nometer was filled again, weighed and labeled as W, (g).
The apparent porosity of the scaffolds was determined
according to Eq. (3):

Porosity(%) = (Vo — V1)/Vo x 100% (3)

where V, (cm3) is the apparent volume of scaffolds, cal-
culated by the length, width and height of the scaffolds.

2.3 In vitro cell experiment of Mg-TCP
2.3.1 Preparation of Mg-TCP extracts

Mg-TCP scaffolds were sterilized by ®°Co y-irradiation at
20 kGy, and then respectively added into complete culture
mediums of hBMSCs and HUVECs at a weight-to-medium
volume ratio of 0.1 g/mL. A real-time extraction at 37 °C
was performed. Namely, the soaking solutions of scaffolds
were completely gathered under sterile conditions and
fresh complete culture mediums were reused every other
day to produce the real-time Mg-TCP extracts.

2.3.2 Release behavior of ions in scaffolds extracts
Fresh and spent real-time Mg-TCP extracts were collected

and then digested with concentrated nitric acid at 90° for
10 min. Inductively coupled plasma atomic emission
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spectrometry (ICP-AES; Optima 5300DV, Perkin Elmer,
Waltham, MA, USA) was used to determine the concen-
trations of Mg, Ca and P in digested extracts in order to
study the ion release behavior of Mg-TCP porous scaffolds.
At each time point, the detection volume of each sample
was 5 ml, and three parallel samples were set for each
group. The results of ICP-AES were compared to analyze
the changes of cellular behavior induced by magnesium ion
concentration.

2.3.3 Cell culture

Human bone marrow mesenchymal stem cells (hBMSCs;
No. HUXMA-01001, Cyagen, Santa Clara, CA, USA) and
human umbilical vein endothelial cells (HUVECs; No.
HUVECs-20001, Cyagen, Santa Clara, CA, USA) were
used to study the effects of Mg>" on cell proliferation,
viability, osteogenesis and angiogenesis. The hBMSCs and
HUVECs were cultured in cell culture flasks in an incu-
bator (37 °C, 5% CO,) with a humidified atmosphere.
Complete media (for hBMSCs: No. HUXMA-90011,
Cyagen, Santa Clara, CA, USA; for HUVECs: No.
HUVECs-90011, Cyagen, Santa Clara, CA, USA) were
used for cell culture and were refreshed every other day.
Cells at passage 5 were used for the following experiments.

2.3.4 Cell proliferation

The proliferation of hBMSCs and HUVECs was evaluated
using a Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto,
Japan), following the manufacturer’s instructions. Cells
that were seeded on 48-well plates (1 x 10* cells per well)
were cultivated in the incubator for 1, 4 and 7 days and the
extracts were exchanged every other day. At each time
point, the CCK-OD was read at 450 nm by using an
enzyme-labeled instrument (Epoch 2, BioTek, Winooski,
VT, USA). A calibration curve with cell number and
absorbance was created to convert the detected optical
density (OD) to the number of cells.

2.3.5 Cell viability assay

A fluorescent live/dead assay kit (calcein-AM; No.
KGAF001, KeyGEN BioTECH, Nanjing, China) was used
to stain cells for the cell viability study. Briefly, after the
cells (2 x 10* cells per well) were cultured with extracts
for 24 h, the cells on plates were rinsed three time with
PBS and incubated with calcein-AM working solution
(containing 8§ uM propidium iodide and 2 pM calcein AM)
in a humidified incubator (37 °C, 5% CO,) for 45 min.
Subsequently, the result was observed by fluorescence
microscopy (Eclipse Ti2-U, Nikon, Tokyo, Japan). Live
cells presented in green while dead cells were red.



Tissue Eng Regen Med (2019) 16(4):415-429

419

2.3.6 Immunofluorescence staining of cytoskeletons

After 24 h of cultivation, nuclear and F-actin staining was
performed on hBMSCs and HUVECS cultured in different
groups of Mg-TCP extracts. The cells were first fixed with
4% paraformaldehyde solution. After washing with PBS,
the cells were permeabilized in 0.1% Triton X-100 solu-
tion. Washing again with PBS, phalloidin-iFluor 488 con-
jugate (No. 23115, AAT Bioquest Inc, Sunnyvale, CA,
USA) was added to the cells for F-actin staining and
incubated at 37° for 1 h. With another washing, the 4’,6-
diamidino-2-phenylindole (DAPI; No. C0065, Solarbio
Life Sciences, Beijing, China) solution was added to the
samples for nuclear staining and incubated at room tem-
perature for 10 min. Fluorescent images were observed
under an inverted fluorescence microscope (Eclipse Ti2-U,
Nikon, Tokyo, Japan) and analyzed using Image J software
(National Institutes of Health, Bethesda, MD, USA).

2.3.7 Alkaline phosphatase (ALP) staining and activity
assay

The ALP activity of hBMSCs cultured in Mg-TCP extracts
was measured with an alkaline phosphatase activity test kit
(No. 70-AP0011, MultiSciences, Hangzhou, China), which
was based on transformation from p-nitrophenyl phos-
phateto (pNPP) to p-nitrophenyl (pNP) in the presence of
ALP. The cells at a concentration of 3 x 10* cells/well were
cultured in 500 pL. of Mg-TCP extracts (added 10 mM -
glycerophosphate, 10 nM dexamethasone and 50 mg/mL
vitamin C) in 48-well plates. ALP activity assays were
performed on days 7, 10 and 14, following the manufac-
turer’s instructions. The optical density was read at 405 nm.
ALP staining was performed after 7, 10 and 14 days of
cell culture by using BCIP/NBT substrate solution (No.
C3206, Beyotime Biotechnology, Shanghai, China). Briefly,
cells were washed three times with PBS and fixed with 4%
paraformaldehyde solution for 1 h. Then, the residual
paraformaldehyde was washed off with PBS and 150 pL
ALP staining working solution was added into each well.
After half an hour of staining, PBS washing was performed
to remove the residual ALP staining working solution. The
purple product was observed by the inverted fluorescence
microscope and analyzed using Image J software.

2.3.8 Alizarin red S (ARS) assay

The extracellular matrix mineralization was qualitatively
assessed by Alizarin red S (ARS, No. S0141, Cyagen,
Santa Clara, CA, USA) assay. ARS stained the calcium
nodules after hBMSCs were cultured in extracts for
14 days and 21 days. The cells were fixed with 4%
paraformaldehyde solution for 1 h, washed three times

with deionized water, and then stained with ARS solution
for 10 min. The residual ARS stain was washed with
deionized water. The image was taken by the inverted
fluorescence microscope and analyzed using Image J
software.

2.3.9 Nitric oxide (NO) staining assay

The endothelium-derived NO generated by HUVECs was
detected by NO staining with diaminofluorescein-FM
diacetate (DAF-FM DA, 5 mM; No. KGA515, KeyGEN
BioTECH, Nanjing, China). A working solution of 5 uM
DAF-FM DA was achieved by dissolving DAF-FM DA in
basal medium (without serum and phenol red) according to
the instructions. Cells (1 x 10° cells per well) were cul-
tured with the Mg-TCP extracts in 6-well plates for 48 h.
Then the cells were incubated in DAF-FM DA working
solution for 20 min at 37 °C. The fluorescent images were
recorded with the inverted fluorescence microscope, and
the fluorescence intensity of each group after DAF-FM DA
probe labeling was also analyzed by flow cytometry (Cy-
toFLEX, Beckman Coulter, Brea, CA, USA).

2.3.10 Quantitative real time PCR assay

Gene expression levels of runt-related transcription factor 2
(Runx-2), collagen type I (Col-I), osteocalcin (OCN),
alkaline phosphatase (ALP) and bone sialoprotein (BSP) in
hBMSCs and gene expression levels of vascular endothe-
lial growth factor (VEGF) and endothelial nitric oxide
synthase (eNOS) in HUVECs were detected by quantitative
real-time polymerase chain reaction (qQPCR). The cells
(1 x 10° cells per well in 6-well plates) were cultured in
the extracts for 7 days and 14 days, total RNA in cells was
isolated by using Trizol (No. R0016, Beyotime Biotech-
nology, Shanghai, China) according to the manufacturer’s
protocol. Reverse transcription was performed using the
cDNA Synthesis Kit (with gDNA Eraser; No. D7170 M,
BeyoRT™ II, Beyotime Biotechnology, Shanghai, China).
DNA transcription was carried out using SYBR Green
qPCR Mix (2X; No. D7260, BeyoFast'™, Beyotime
Biotechnology, China). The qPCR analysis was performed
using qTOWER3 (Analytik Jena AG, Jena, Germany) and
GAPDH was treated as a housekeeping gene. The primer
sequences [30] are listed in Table 1. Relative gene
expression was calculated using the 272" method.
Experiments were performed in triplicate to obtain the final
mean value and standard deviation.

2.4 Statistical analysis

All statistical analyses were performed using StataSE
software (version 14). The results are presented as mean
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Table 1 The primer sequences

for qPCR assay Target gene

Forward primer sequences (5'-3’)

Reverse primer sequences (3'-5")

GAPDH AGAAAAACCTGCCAAATATGATGAC TGGGTGTCGCTGTTGAAGTC

Runx-2 AGATGATGACACTGCCACCTCTG GGGATGAAATGCTTGGGAACT
Collagen-1 CAGCCGCTTCACCTACAGC TTTTGTATTCAATCACTGTCTTGCC
OCN TCACACTCCTCGCCCTATTG ACAGTCCGGATTGAGCTCAC

ALP ACATTCCCACGTCTTCACATTT AGACATTCTCTCGTTCACCGCC

BSP ATGGCCTGTGCTTTCTCAATG GGATAAAAGTAGGCATGCTTG
VEGF TGCGGATCAAACCTCACCA CAGGGATTTTTCTTGTCTTGCT
eNOS TGTCCAACATGCTGCTGGAAATTG AGGAGGTCTTCTTCCTGGTGATGCC

value =+ standard deviation. Comparative studies of mean
values were analyzed using one-way analysis of variance
(ANOVA) with the student’s t test. P < 0.05 was consid-
ered statistically significant. All data were presented using
GraphPad Prism 7 software.

3 Results
3.1 Physicochemical properties of Mg-TCP scaffold

The XRD patterns of the Mg-TCP scaffold powder (Fig. 2)
show that B-TCP [Ca3(POy),; PDF#70-2065] and hydrox-
yapatite (Ca,o(PO4)s(OH),; PDF #74-0566) were the major
crystal form of all groups. In addition, a-TCP (Ca3(POy,),;
PDF#29-0359) were produced in OMg-TCP. Interestingly,

a new crystal, calcium magnesium phosphate [Ca, ge.
Mg 14(PO,),; PDF#70-0681], was formed in the MgO
doped groups.

The 3D printed Mg-TCP scaffolds showed the same
porous surface structure as the designed CAD model.
Under the electron microscope, the four groups of scaffolds
showed similar structures (Fig. 3A, B, the SEM images of
OMg-TCP, 2Mg-TCP and 4Mg-TCP are not displayed
here). The front pores are approximately square, the length
is 400 um. And the side pores are approximately rectan-
gular, the size is 300 pm x 100 pm. EDS mapping anal-
ysis of OMg-TCP, 1Mg-TCP and 2Mg-TCP showed that
the Ca, Mg and P elements in the scaffold fibers were
evenly distributed (Fig. 3C—E). However, the Mg element
condenses in 4Mg-TCP, which may be caused by uneven
mixing of bio-ink (Fig. 3F).

Fig. 2 X-ray diffraction pattern
of each group of Mg-TCP
porous scaffolds

B-TCP
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Fig. 3 SEM images of front view (A1-A3) and side view (B1-B3) of 1Mg-TCP porous scaffolds. EDS analysis of the elemental distribution of

Mg-TCP (C:0Mg-TCP, D: 1Mg-TCP, E: 2Mg-TCP, F: 4Mg-TCP)

The mechanical properties test results of the scaffolds
are shown in Table 2. Magnesium doping can improve the
mechanical properties of the porous scaffold. The maxi-
mum load pressure that the magnesium-doped scaffold can
withstand is more than three times higher than that of the
TCP (0OMg-TCP) scaffold. It can be seen that IMg-TCP has
the best mechanical properties (*p < 0.01).

The apparent porosity of the porous scaffold is shown in
Table 3. The porosity of all scaffolds was between 60%

and 70%, and there was no significant difference in
apparent porosity between the different groups
(*p > 0.05).

Table 2 The compressive strength of scaffolds

Group Maximum load stress (MPa) Young’s modulus (MPa)
OMg-TCP  8.45 £ 0.77 230.25 £+ 68.57
1Mg-TCP 30.69 + 3.90 930.65 + 163.79"
2Mg-TCP 27.01 £ 1.24 565.78 + 139.04
4Mg-TCP 26.58 £+ 2.43 549.13 4+ 84.77

3.2 Release behavior of ions in Mg-TCP extracts

Figure 4 showed the changes in Ca, Mg and P concentra-
tions of the Mg-TCP scaffold extracts for 14 days. The
concentration of Ca®" in the extract did not change sig-
nificantly with time, while the concentration of P ions
showed an upward trend in the extract. The concentration
of Mg®" released from each group was positively corre-
lated with the ratio of magnesium. Since OMg-TCP does
not contain magnesium, the detected Mg ions were from
the medium. As the soaking time increased, the concen-
tration of Mg gradually reduced. Figure 4A showed the
concentration of Mg>" at different time points in fresh
extracts. On the first day, the concentration of Mg”*" in

Table 3 The apparent porosity

of scaffolds Group Apparent porosity
OMg-TCP  61.35% + 4.40%
IMg-TCP  62.22% =+ 5.44%
2Mg-TCP  62.97% =+ 5.53%
4Mg-TCP  64.32% + 6.41%
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Fig. 4 Release of Ca and Mg ions in four groups of Mg-TCP porous
scaffolds in complete medium: A ion concentration in the extract
before culturing the cells, B ion concentration in the extract after
culturing the cells (n =4; 1Mg-TCP compared with OMg-TCP,

IMg-TCP was 2.31 £ 0.12 mM, in 2Mg-TCP was
5.25 £ 0.11 mM, and in 4Mg-TCP was 6.46 £+ 0.19 mM.
On the 14th day, the Mg?" concentration in 1Mg-TCP
reduced to 0.96 £+ 0.20 mM, 2Mg-TCP to
1.66 + 0.12 mM, and 4Mg-TCP to 2.38 4+ 0.18 mM.
Figure 4B showed the concentration of ion in the extract
after culturing the cells. It is worth noting that in general,
the concentration of Ca®" and Mg?" decreased in the
extract after cell culturing. On day 1, the concentration of
Mg®" in 1Mg-TCP was 1.94 + 0.18 mM, in 2Mg-TCP
was 490+ 0.15mM, and in 4Mg-TCP was
6.35 & 0.19 mM. On the last day, the Mg®" concentration
in 1Mg-TCP was 0.87 £ 0.15 mM, in 2Mg-TCP was
1.63 £+ 0.19 mM, and in 4Mg-TCP was 2.14 + 0.18 mM.
This phenomenon may indicate that Ca®>" and Mg?" in the
Mg-TCP extract were involved in cellular metabolism and
participated in changes in cellular behavior.

3.3 Viability, morphology and proliferation
of hBMSCs and HUVECs

Proliferation assays in current studies showed concentra-
tion-dependent cellular behavior. As the culture time was
prolonged, the cell number of hBMSCs increased, and the
cells cultured in 1Mg-TCP extract proliferated best
(Fig. 5A). HUVECGs cultured in OMg-TCP and 1Mg-TCP
extracts showed an increase in proliferation at each time
point, and proliferation in 1Mg-TCP extract was higher
than that in OMg-TCP. However, the number of cells cul-
tured in 2Mg-TCP extract on the 4th day and the 7th day
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*p < 0.05 and **p < 0.01; 2Mg-TCP compared with OMg-TCP,
+p < 0.05 and ++p < 0.01; 4Mg-TCP compared with OMg-TCP,
#p < 0.05 and ##p < 0.01)

did not change significantly, and the cells cultured in 4Mg-
TCP extract showed inhibition of proliferation (Fig. 6).

The activity of hBMSCs (Fig. 5B) and HUVECs
(Fig. 6B) in different extracts showed that cells stimulated
by four groups of Mg-TCP extracts remained viable. Only
a small amount of cells died in each sample, which pre-
sented as red spots on the image.

Cytoskeletal proteins play a crucial role in cell migra-
tion and cell morphology support. The incorporation of
Mg in this experiment allowed hBMSCs (Fig. 5C) and
HUVECs (Fig. 6C) in the extracts to have a diffusion
morphology and cytoskeletal protein production. The cel-
lular area of hBMSCs and HUVECS cultured in 1Mg-TCP
extracts was significantly larger than that of the other three
groups. The results indicate that 1Mg-TCP could better
promote cell migration and spreading.

3.4 Effect of sustained release of Mg>*
on the osteogenic induction of hBMSCs

ALP activity increased during the assay and peaked in all
four groups treated with Mg-TCP extracts on day 14. On
day 10, the ALP activity of 1Mg-TCP was significantly
higher than that of any other group. The 1Mg-TCP group
had a constant positive effect on ALP activity and reached
its highest level on day 14 (Fig. 7). As shown in Fig. 8, the
ALP stained positive area in 1Mg-TCP was significantly
larger than that in the other three groups on the day 10 of
induction culture, which was consistent with the quantita-
tive analysis of ALP activity.
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After 14 days of culture, the image of the ARS assay
(Fig. 8B) showed that the 1Mg-TCP extract had more
calcium nodules than the other group extracts. The ARS
stained positive area in 1Mg-TCP was the largest, indi-
cating that Mg®™ concentration of this group had a good
induction effect on the mineralization of extracellular
matrix.

To evaluate the role of Mg®" in promoting osteogenesis,
gPCR was performed on days 7 and 14 of cell culture. We
chose Runx2, Col-I, ALP, OCN and BSP, which are con-
sidered to be biomarkers of osteogenic differentiation.
Expression of Runx-2 promotes the differentiation of
hBMSCs into fully mature osteoblasts and bone formation,
and is down-regulated with the maturation of osteoblasts
[31]. The expression of Col-I and ALP is a marker of
osteoblast differentiation. Col-I has the function of forming
and maintaining skeletal integrity and plays an important
role in maintaining the internal environment and trans-
mitting extracellular signals [32]. Alkaline phosphatase
(ALP) is an external enzyme of osteoblasts, it can hydro-
lyze phosphate during osteogenesis, provide the necessary
phosphoric acid for the deposition of hydroxyapatite, and
hydrolyze pyrophosphate to alleviate its inhibition of bone
salt formation, which is beneficial for bone formation. The
expression of bone sialoprotein (BSP) promotes nucleation
of hydroxyapatite mineralization and increases calcium
binding and nodule formation [33]. The expression of
osteocalcin (OCN) is exhibited in late stage osteoblasts,
and osteocalcin is closely related to extracellular matrix
mineralization. As showed in Fig. 7B, the abundances of
osteogenic related transcripts in cells cultured in 1Mg-TCP
extract were higher than those in the other three groups.
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3.5 Effects of sustained release of Mg>*
on angiogenesis in HUVECs

Endothelial cell-derived nitric oxide (NO) is an important
factor in the survival of endothelial cells. In this experi-
ment, we confirmed that Mg®" has angiogenic properties
by DAF-FM DA fluorescent probe labeling. As showed in
Fig. 9A, HUVECsS cultured in 1Mg-TCP extract produced
the most NO.

Expression of angiogenesis-related genes, including
VEGF and eNOS, was detected by qPCR. Vascular
endothelial growth factor (VEGF) can promote vascular
permeability, extracellular matrix degeneration, vascular
endothelial cell migration, proliferation and angiogenesis.
Endothelial nitric oxide synthase (eNOS) plays an impor-
tant role in regulating endothelial function and produces
endothelial cell-derived nitric oxide (NO) as a major reg-
ulator of vascular tone [34]. The results showed that cells
cultured in 1Mg-TCP extract showed the highest levels of
angiogenic related gene expression (Fig. 9B).

Further, the results showed that the cells cultured in the
Mg-doped TCP scaffold extract, especially the cells cul-
tured in 1Mg-TCP, exhibited higher expression of osteo-
genesis and angiogenesis related genes.

4 Discussion
4.1 Physicochemical properties of Mg-TCP scaffold
Cryogenic 3D printing technology enables the rapid man-

ufacture of porous supports with individual structures. It
has become an attractive manufacturing technique for the
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synthesis of bone tissue engineering scaffolds for research
and clinical applications. In this study, we successfully
manufactured Mg-doped TCP scaffolds with precisely
designed and interconnected porous structures via cryo-
genic 3D printing technology and high temperature sin-
tering process.
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B 2Mg-TCP
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related gene expression levels of VEGF and eNOS after 7 days and
14 days of HUVECs culture in Mg-TCP extracts (n = 6; *p < 0.05,
**p < 0.01)

The optimal pore size of 200-600 pum is proposed in the
literature to ensure the potential space for cell growth,
nutrient diffusion, osteogenesis and angiogenesis [8, 35].
The Mg-TCP scaffolds designed in our study have a pore
size of about 400 pm and a filament diameter of 450 um,
which can satisfy cell migration and nutrient exchange, and
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provide the necessary mechanical support. It can also be
seen from the SEM image that the sintering process only
causes slight shrinkage of the scaffold filaments. The
porosity of the scaffold was chosen to match the corre-
sponding porosity of the native bone, and the porosity of
the cancellous bone was reported to be 50-90% [36]. As
described above, the porosity of all four groups of scaffolds
is between 60 and 70%, which similar to cancellous bone.

Mechanical properties are another major criterion for
porous bone engineering scaffolds. In our study, the com-
pressive strength of all the scaffolds was greater than
3 MPa, which is similar to the compressive strength of
human cancellous bone (3-30 MPa) [37]. Products of
Mg " substitution into calcium phosphates during sintering
can be an amorphous phase or a crystalline structure, which
can cause a series of changes in physical properties [38].
This may be one of the reasons for the significant increase
in the compressive strength of Mg-doped TCP. The results
of EDS analysis confirmed that magnesium was uniformly
distributed on the TCP scaffold. The increase in com-
pressive strength can also be explained by the theory of
particle dispersion strengthened ceramics. The specific
mechanism of mechanical strength change caused by Mg*"
doping remains to be further studied.

As shown in the XRD pattern, partial TCP in the OMg-
TCP group changed from the B phase to the o phase after
sintering. The temperature gradually increases from room
temperature to 1250° (5°/min) during the sintering process,
including the TCP phase transition temperature (1120°—
1170°), which may be the reason for the production of o-
TCP. However, no significant a-TCP was observed in MgO
doping groups. Frasnelli M et al. found in their study that
the presence of magnesium in the TCP lattice promoted
spontaneous o —  reconversion during rapid cooling and
slowed the p — o transition during heating [39]. Due to
the presence of Mg>", a small part of Ca*" ions in B-TCP
crystals were instead, the three Mg-containing groups also
produced calcium magnesium phosphate (Ca;geMgo 14(-
PO,),), which was a kind of B-TCMP (Mg-substituted
beta-tricalcium phosphate) [40].

4.2 Effect of magnesium ion concentration
on cellular behavior in vitro

Osteogenesis and angiogenesis are both critical for bone
scaffolds. The released Mg>" stimulated the behavior of
the cells. The role of Mg>" has demonstrated that it sig-
nificantly enhances the adhesion and spreading of cells,
which could improve bone healing [41-43]. Researchers
have demonstrated that magnesium ions can regulate the
expression of bone-related genes such as Runx2, ALP,
OCN and OPN through the PI3 K/Akt signaling pathway
[44-46]. Furthermore, Mg-doped calcium phosphate can
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effectively regulate the adsorption direction of fibronectin
(Fn), enhance its receptor binding affinity, and up-regulate
the expression of o5B1 in BMSC, which significantly
enhances BMSC adhesion and osteogenic differentiation
[47]. The bone vasculature also plays a pivotal role in bone
growth, remodeling, and homeostasis. Extracellular Mg*"
could induce endothelial cell proliferation and migration
through G protein coupled receptor pathway during
angiogenesis [48]. VEGF and eNOS are the key players in
the process of angiogenesis. Mg>" can enter HUVECs
through caveolin-1-mediated endocytosis, reduce the level
of caveolin-1 and increase the activity of eNOS [49]. In the
present study, MgO was selected as the source of Mg>" and
complexed with B-TCP. The high temperature of sintering
caused the doped MgO to react with part of B-TCP to form
B-TCMP. Composites incorporating MgO can take
advantages of the potential benefits of MgO while reducing
toxicity [50]. Singh et al. reported that B-TCMP enhanced
MSC proliferation and differentiation compared to B-TCP
[27]. Su et al. described that both calcium phosphate and
calcium magnesium phosphate can enhance the angiogen-
esis potential of HUVEC by activating Akt/eNOS/VEGF
pathway, and the effect of calcium magnesium phosphate is
stronger than that of calcium phosphate [51].

Our study found that the sustained release of magnesium
ions in the 1Mg-TCP porous scaffold has optimal in vitro
osteogenic and angiogenic induction effects. Previous
studies have shown that Mg?" at concentrations below
10 mM did not induce apoptotic cell death in hBMSCs
[26]. When applied at a concentration of around 10 mM,
Mg*" had no adverse effects but instead improved
endothelial cell migration [52]. Fluorescent staining of
live/dead cells and cytoskeleton in our study showed that
the four groups of Mg-TCP scaffold extracts had no sig-
nificant acute cytotoxicity and maintained cell morphology
integrity at the early stage of cell culture.

It is well known that a suitable concentration of Mg>*
enhances the osteogenic activity of BMSCs [50]. As shown
in the results, hBMSCs induced in the 1Mg-TCP group
(initial Mngr concentration was 2.31 £ 0.12 mM) were
superior to other groups in terms of cell proliferation and
osteogenesis-related gene expression. Wong et al. reported
that magnesium ions at a concentration of 50 ppm (ap-
proximately 2 mM) can significantly promote the prolif-
eration and differentiation of pre-osteoblasts and the up-
regulation of osteogenic genes in vitro as well as significant
new bone formation in vivo [53]. However, Mngr con-
centration above 5 mM has detrimental effects on human
osteoblast differentiation and osseous metabolism, which
may lead to bone mineralization defects [26, 54]. The cell
proliferation and osteogenic differentiation of hBMSCs
cultured in 2Mg-TCP group (initial Mg>" concentration
was 525+ 0.11 mM) and 4Mg-TCP (initial Mg>"
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concentration was 6.46 £ 0.19 mM) group were worse
than those of 1Mg-TCP, which is consistent with the lit-
erature reports.

Although Mg®" at concentrations below 10 mM has
been reported to have no adverse effects on endothelial
cells, some studies have reported that the viability of the
endothelial cell tended to decrease with an increase in the
Mg*" concentration up to 12 mM, and the viability was
highest at a low Mg®" concentrations (approximately
2 mM) [55, 56]. Our experimental results on endothelial
cells confirmed this, and HUVECs cultured in the 1Mg-
TCP  group (initial Mg®"  concentration  of
2.31 £ 0.12 mM) proliferated faster than the other three
groups did. The proliferation plateau of cells cultured in the
2Mg-TCP group and the inhibition of proliferation in the
cells cultured in the 4Mg-TCP group may be caused by a
decrease in cell viability. Differences in angiogenesis-re-
lated genes in HUVECS induced by four groups of Mg-
TCP extracts may also be associated with decreased cell
viability caused by high concentrations of Mg?". The
relationship between the expression of angiogenesis-related
genes of endothelial cells and the concentration of Mg*" is
rarely reported in the literature. Our research team will
explore this further in the future.

Interestingly, the concentration of Ca®" and Mg in the
extract decreased after the cells were cultured (Fig. 4). We
speculate that there is a possible mechanism: dissolved
mineral ions induce extracellular matrix mineralization and
bioapatite deposition. Comparing the ICP-AES results, it
can be seen that the concentration of mineral ions (Mg”,
Ca”") slightly decreased after induction culture. This is
most likely due to the formation of calcified nodules that
cause the ions to deposit which was confirmed by ARS
staining and quantification results (Fig. 8). Low concen-
trations of Mg>" (IMg-TCP group) significantly promoted
the formation of calcium nodules during extracellular
matrix mineralization. In addition, calcium phosphate
materials can also absorb mineral ions and promote apatite
deposition. [57, 58].
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