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ABSTRACT

Introduction: Bones are easily damaged. Biomimetic scaffolds are involved in tissue engineering. This
study explored polydopamine (PDA)-coated poly lactic-co-glycolic acid (PLGA)-magnesium oxide (MgO)
scaffold properties and its effects on bone marrow mesenchymal stem cells (BMSCs) osteogenic
differentiation.
Methods: PLGA/MgO scaffolds were prepared by low-temperature 3D printing technology and PDA
coatings were prepared by immersion method. Scaffold structure was observed by scanning electron
microscopy with an energy dispersive spectrometer (SEM-EDS), fourier transform infrared spectrometer
(FTIR). Scaffold hydrophilicity, compressive/elastic modulus, and degradation rates were analyzed by
water contact angle measurement, mechanical tests, and simulated-body fluid immersion. Rat BMSCs
were cultured in scaffold extract. Cell activity on days 1, 3, and 7 was detected by MTT. Cells were induced
by osteogenic differentiation, followed by evaluation of alkaline phosphatase (ALP) activity on days 3, 7,
and 14 of induction and Osteocalcin, Osteocalcin, and Collagen I expressions.
Results: The prepared PLGA/MgO scaffolds had dense microparticles. With the increase of MgO contents,
the hydrophilicity was enhanced, scaffold degradation rate was accelerated, magnesium ion release rate
and scaffold extract pH value were increased, and cytotoxicity was less when magnesium mass ratio was
less than 10%. Compared with other scaffolds, compressive and elastic modulus of PLGA/MgO (10%)
scaffolds were increased; BMSCs incubated with PLGA/MgO (10%) scaffold extract had higher ALP activity
and Osteocalcin, Osteopontin, and Collagen I expressions. PDA coating was prepared in PLGA/MgO (10%)
scaffolds and the mechanical properties were not affected. PLGA/MgO (10%)/PDA scaffolds had better
hydrophilicity and biocompatibility and promoted BMSC osteogenic differentiation.
Conclusion: Low-temperature 3D printing PLGA/MgO (10%)/PDA scaffolds had good hydrophilicity and
biocompatibility, and were conducive to BMSC osteogenic differentiation.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0)).

1. Introduction

after illness and trauma [1]. However, large defects can never be
reinstated completely as the sizes are larger than the limit up to

Bones are prone to be damaged in the human body due to a
variety of causes including diseases, infections, and fractures,
which have a remarkable capacity to heal and repair themselves
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which the bones can heal and repair, and as a result, medical
treatment is required to align, support, and stabilize the damaged
bone to restore the function [2]. Tissue engineering is a promising
treatment consisting of a biocompatible scaffold, appropriate
growth factors, and stem cells [3]for human bone defects, which
remain a major threat to human health and cannot be treated
completely using current methods [4]. Biomimetic scaffolds can
provide a tissue-specific environment to cells and are particularly
promising for tissue engineering [5]. A scaffold with high
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properties underpins the success of the strategy of bone tissue
engineering, and the main direction in this field is to produce bone
tissue engineering scaffolds with desirable structural, shape, bio-
logical, chemical, and physical features for complex regenerating
bone tissues and enhanced biological properties [6]. Three-
dimensional (3D) printing technology allows functional structure
reproducible and automated manufacturing for tissue engineering
with customized compositions and geometries through depositing
materials layer-by-layer [7]. 3D printing technology that mimics
the healing processes of physiological bone can achieve promising
repair outcomes [8]. Among various 3D printing technologies, low-
temperature biological 3D printing is the process of making porous
scaffolds from composite materials using printing equipment based
on the model path. After vacuum freeze-drying and solvent subli-
mation, a large number of micropores are formed. Due to the for-
mation in a low-temperature environment, not only can the pore
size, porosity, and specific surface area of the scaffolds be regulated,
but also it is beneficial to maintain the biological activity of raw
materials and achieve complementary advantages of the composite
materials [9], which is considered the most suitable method for
bone defect repair in the future [10,11]. Low-temperature 3D
printing technology requires exploring corresponding printing
parameters for different biological materials. Especially, deter-
mining the printing parameters of multiple composite materials is
more difficult. Therefore, selecting proper and reasonable scaffold
materials is particularly principal for bone tissue repair.

Poly lactic-co-glycolic acid (PLGA) is a synthetic lipophilic
polymer material, which is widely used in the research of tissue
engineering bone repair materials [12]. The advantages of PLGA are
good biocompatibility, non-toxicity, easy processing, and control-
lable biodegradation rate and the disadvantages are poor me-
chanical properties, hydrophobicity, and the degradation products
are acidic, which may cause a local inflammatory reaction [13].
Magnesium oxide (MgO) has excellent tensile strength and elastic
modulus, and the composite of MgO and polyester possesses high
mechanical strength and fracture toughness and meets the me-
chanical requirements of bone repair materials [14]. Magnesium
scaffolds have good biocompatibility and can promote bone activity
[15]. In the degradation process, it can neutralize the acidic sub-
stances produced by the degradation of polyester materials,
improve the pH value, and then reduce the local inflammation, and
the generated magnesium ions can effectively activate bone cells
[16]. The PLGA/MgO scaffold facilitates osteogenesis by regulating
the continuous release of Mg?* [17—19]. However, although Mg>*
are biologically active and have been shown to facilitate regener-
ation of bone tissues, the functions of Mg?* strongly depend on
concentration, and high Mg?* levels may impair osteoblast activity
and lead to bone diseases [20,21]. Although this ability may have a
significant impact on bone regeneration, there is currently no
mature bone tissue engineering scaffold that can accurately
modulate the release of Mg?*. In addition, MgO is an alkaline
inorganic material that can disrupt the acid-base balance in the
organism, leading to tissue damage and inflammatory reactions,
thereby affecting the repair effect [22]. Therefore, reducing the
corrosion rate of magnesium alloy in PLGA/MgO scaffolds and
controlling the concentration of Mg?* are essential to ensure bone
regeneration and functional reconstruction.

Polydopamine (PDA) is formed by dopamine self-
polymerization under alkaline conditions and has good adhesion
and biocompatibility, and can better promote cell adhesion and
proliferation [23]. PDA has been widely used for surface modifica-
tion of biological materials [24—26]. Also, PDA has a unique
chemical structure and good biocompatibility that can be tightly
bound to almost all types of surfaces to improve the stability of
multi-component materials [27]. Moreover, PDA can reduce the
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corrosion rate of magnesium alloys and regulate the release of
magnesium ions [28]. Therefore, the preparation of novel PLGA/
MgO/PDA scaffolds with suitable porous structure, suitable biode-
gradability and non-irritation using low-temperature 3D printing
technology has great attraction for the repair of bone defects. In this
study, the PLGA/MgO/PDA composite scaffolds were prepared by
low-temperature 3D printing technology combined with dissolu-
tion and immersion method to explore the properties of scaffolds
and their effects on osteogenic differentiation of bone marrow
mesenchymal stem cells (BMSCs).

2. Materials and methods
2.1. Ethics statement

All procedures were authorized by the academic ethics com-
mittee of Shenzhen Hospital, Southern Medical University. All the
laboratory procedures were used to reduce the pain of the rats.

2.2. Scaffolds fabrication

PLGA (75:25) (Shandong Institute of Medical Instruments, Jinan,
Shandong, China) was dissolved in 1,4-dioxane (MACLIN Reagent,
Shanghai, China) and supplemented with MgO powders (XFNANO,
Nanjing, Jiangsu, China) with the particle size of around 20 nm to
form a uniform solution at a ratio of 19/1 (w/w of PLGA/MgO,
P5MgO0), 18/2 (w/w of PLGA/MgO, P10MgO), 17/3 (w/w of PLGA/
MgO, P15Mg0O) and PLGA. Subsequently, the paste was stirred
vigorously overnight using a magnetic stirrer (Thermo Fisher Sci-
entific Inc., Waltham, MA, USA). The paste was spurted out at a
distance of 1.2 mm and the thickness of 200 um layer-by-layer
using a low-temperature deposition 3D printing machine (Bio-Ar-
chitect®-WS, Hangzhou Regenovo Biotechnology, Hangzhou, Zhe-
jiang, China). The diameter of the nozzle was 410 um, and the
migration velocity was 28 mm/s. The paste was extruded out of the
nozzle through the propeller, with the working table system
making a synthetic movement along the x-y-axes and the nozzle
moving along the z-axis. The thickness of the slice was set to
200 pm. An XXYY laminated design (each slice was repeated twice)
was employed to elevate the porosity (Supplementary Fig. 1). The
ambient temperature was set at —25 °C. After that, the scaffolds
were lyophilized in a freeze dryer (Bo Yi Kang FD-1- 50, China) for
24 h under 20—40 Pa pressure of a vacuum and sealed in plastic
bags. The PDA coating was prepared. The scaffolds to be coated
were soaked in PDA solution (2 mg/mL, in 10 mM Tris-HCI, pH 8.5),
shaken on a shaker at room temperature for 12 h, and then rinsed
with deionized water 3 times.

2.3. Scanning electron microscope observation with energy
dispersive spectrometer (SEM-EDS)

The scaffolds were washed, fixed, dehydrated with gradient
ethanol, and dried at room temperature. After gold sputtering, the
microstructure and pore size and the elemental compositions of the
scaffolds were observed using an SEM-EDS (S-4800, Hitachi, Tokyo,
Japan). Three samples were set up for each scaffold to measure and
take the average value.

2.4. Fourier transform infrared (FTIR) analysis

The attenuated total reflection (ATR) mode of the Avatar 370
infrared spectrometer (FT-IR, Nicolette, USA) was employed to
analyze the functional group structure of the scaffolds. The scan-
ning range was 4000—400 cm~! and the resolution was 1 cm™ . The
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component or coating of the scaffolds was scraped off, mixed with
potassium bromide (KBr), and pressed evenly for FTIR analysis.

2.5. Hydrophilic nature detection

The scaffold samples of each group were dripped with deionized
water and the water contact angle of the scaffolds was tested using
a water contact angle measuring instrument (SCI3000F, Huanqiu-
hengda Technology, Beijing, China). Each sample was repeatedly
tested 3 times.

2.6. Measurement of scaffold porosity using the ethanol
replacement method

The scaffolds with the original weight of Ws were placed into
the weighing bottle pre-filled with ethanol and weighed as W1.
After the bottle was vacuumized and the micropores of the scaf-
folds were filled with ethanol, the scaffolds were taken out, and the
weighing bottle was weighed as W2. The porosity of the
scaffolds = 100% x (W1—W2-Ws)/ethanol density/external volume
of the scaffolds.

2.7. Mechanical property test

The size of the scaffolds was designed as 10 x 10 x 10 mm. The
compressive strength and elastic modulus of the scaffolds were
tested using a universal mechanical testing machine (Z050, Zwick/
Roell, Ulm, Germany) at room temperature under dry conditions.
The movement speed of the pressure head was 1 mm/min. Each
scaffold was repeatedly tested 6 times to take the average value.
The measurement was following the standard of ISO 844:2021.

2.8. Scaffold degradation test

The size of scaffolds was prepared as 10 mm x 10 mm x 10 mm.
The scaffolds were soaked in the solution according to the ratio
(1 g: 10 mL) of scaffold weight to phosphate-buffered saline (PBS)
volume and the initial pH value (7.4) of the solution at 37 °C. Before
soaking, the scaffolds were weighed as WO. After 1 week of soaking,
the scaffolds were taken out, the scaffolds were lyophilized in a
freeze dryer for 24 h under 20—40 Pa pressure of a vacuum, and
weighed as Wt. The degradation rate was WL = (W0 - Wt)/
WO x 100%. The scaffolds were soaked for 5 weeks. On the 1st, 3rd,
7th, 14th, 21st, 28th, and 35th d of the soaking, the concentration of
Mg ions in the solution was determined using an inductively
coupled plasma mass spectrometer (Agilent 7700X ICP-MS, CA,
USA), and the release curve was drawn. The pH value changes of the
soaking solution collected at each time point were detected using a
pH meter (Shengaohua, Shanghai, China). Each time after the liquid
was collected, and the solution was added with the same volume of
PBS to keep the volume of the original solution unchanged. Four
samples of each kind of scaffold were tested to take the average
value.

2.9. Isolation and culture of BMSCs

Healthy adult Sprague-Dawley rats were euthanized after
anesthesia and soaked with 75% ethanol for 10 min. The long bones
of the limbs were collected, and the metaphysis was removed.
Then, the bone marrow cavity was exposed and rinsed with Dul-
becco's modified Eagle's medium (DMEM) low sugar-medium
(Thermo Fisher Scientific Inc.). After that, the flushing fluid was
collected and repeatedly dispersed with a syringe, and the single-
cell suspension was obtained and cultured in a 25 cm? culture
bottle in an incubator containing 5% CO; at 37 °C. The medium was
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refreshed every 2—3 d. The primary culture was terminated when
the confluence of the adherent cells reached 80% and the cells were
then subcultured at the ratio of 1:3. The cell growth was daily
observed using an inverted phase-contrast microscope (CKX53,
Olympus, Tokyo, Japan).

2.10. Identification of BMSCs

The P3 generation cells with good growth conditions were
collected, detached with 0.25% trypsin, centrifuged at 4 °C at 300 g
for 3 min, and washed with PBS 3 times. Then, the cell concentra-
tion was adjusted to 1 x 10° cells/mL. Each of the specific tubes for
flow cytometry was added with 100 pL cell suspension, CD29 PE-
Cyanine7 antibody (25-0291-82, eBioscience™, San Diego, CA,
USA), CD34 Alexa Fluor® 488 antibody (NBP2-34713AF488, Novus
Biologicals, Littleton, CO, USA), CD44 PE antibody (12-0444-82,
eBioscience™), CD45 FITC antibody (11-0461-82, eBioscience™)
and the negative control group was set for each tube (IgG was used
as the homotypic negative control). The samples were incubated for
15 min in the dark. Each sample was added with 2 mL flow buffer,
washed 3 times to remove the unbound antibody, and centrifuged
at 300 g for 5 min, and the supernatant was removed. The cells
were resuspended with 500 pL flow buffer and detected using a
flow cytometer (MoFloAstrios EQ, Beckman Coulter, Inc., CA, USA).
Among these, the IgG homotypic control antibody information
corresponding to CD29, CD34, CD44, and CD45 were Armenian
Hamster IgG Isotype Control (eBio299Arm) [PE-Cyanine7] (25-
4888-82, eBioscienceB), Mouse IgG1 Isotype Control (11711) [Alexa
Fluor® 488] (IC002G, Novus Biologicals), Mouse IgG2a kappa Iso-
type Control (eBM2a) [PE] (12-4724-82, eBioscience™) and Mouse
IgG1 kappa Isotype Control (P3.6.2.8.1) [FITC] (11-4714-81,
eBioscience™),

2.11. Culture of BMSCs with scaffold extract

2.11.1. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay

The subcultured BMSCs at the 3rd generation were seeded in
24-well plates containing scaffold samples at 1 x 10° cells/well and
incubated at 37 °C with 5% CO,, with the low-glucose DMEM
containing 10% FBS as the negative control group (control group).
The medium was refreshed every 3 d, for a total of 14 d. On the 1st,
3rd, and 7th d of culture, scaffolds were removed out and rinsed
with PBS twice, and 10 pL MTT solution (Sigma Aldrich, St. Louis,
MO, USA) reagent was added into each well of the culture plates
and incubated at 37 °C for 4 h, and the reaction was terminated
with dimethyl sulfoxide (DMSO) according to the instructions. The
optical density (OD) value at 570 nm was measured using a
microplate reader. The relative survival rate of cells of each group =
(average OD value of experimental group/average OD value of
negative control group) x 100%.

2.11.2. Osteogenic induction differentiation of BMSCs

The subcultured BMSCs at the 3rd generation were seeded in
24-well plates containing scaffold samples at 1 x 10° cells/well and
incubated at 37 °C with 5% CO,, with the DMEM containing oste-
ogenic induction medium (OIM), 10% FBS, 10~ mol/L dexametha-
sone, 50 pg/mL vitamin C, and 10 mmol/L B-GP. The medium was
refreshed every 3 d, for a total of 14 d. After culture for 3 days,
scaffolds were removed out and rinsed with PBS twice.

2.11.3. Alkaline phosphatase (ALP) activity determination
On the 3rd, 7th, and 14th days of osteogenic induction differ-
entiation of BMSCs in each group, the ALP activity of cell lysate was
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detected using the ALP Colorimetric Assay Kit (E-BC-K091-S,
Elabscience, Wuhan, Hubei, China) according to the instructions.

2.114. ALP staining

On the 3rd, 7th, and 14th d of osteogenic induction differenti-
ation of the BMSCs in each group, the cells were stained using the
ALP staining kit (Biotides, Beijing, China) under the instructions.

2.11.5. Western blot

The BMSCs on the 14th d of the incubation with scaffolds and on
the 14th d of osteogenic induction differentiation were collected
and lysed with radio-immunoprecipitation assay (RIPA) lysate, and
the protein concentration of the lysate was determined using the
bicinchoninic acid (BCA) Protein Assay kit (Sangon Biotech,
Shanghai, China). The 40 pg protein was isolated on the 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, transferred on
the polyvinylidene fluoride membranes (240 maA, 4 h), sealed with
5% skim milk, washed with tris buffered saline-Tween20 (TBST)
buffer solution 3 times, and incubated with primary antibodies
(Collagen I antibody, ab270993, 1:1000, 139 kDa, Abcam, Cam-
bridge, MA, USA; Osteocalcin antibody, PA5-86886, 1:1000, 11 kDa,
Invitrogen, Carlsbad, CA, USA; Osteopontin antibody, PA5-34579,
1 pg/mL, 35 kDa, Invitrogen) at 4 °C overnight. After that, the
samples were washed with TBST 3 times and incubated with
horseradish peroxidase-labeled goat anti-rabbit IgG (1:5000,
ab205718) at room temperature for 1 h. With GAPDH (1:10000,
36KD, ab181602) as the internal reference, the bands were visual-
ized by chemiluminescence and analyzed using an imager.

2.11.6. Statistical analysis

Data were analyzed using GraphPad Prism 8.01 (GraphPad
Software Inc., San Diego, CA, USA) and SPSS 21.0 (IBM Corp.
Armonk, NY, USA), and the results were expressed as
mean + standard deviation. The comparisons between the two
groups were conducted using t-test, and comparisons among
groups were conducted using one-way analysis of variance
(ANOVA), followed by Tukey's test. P value was obtained by a
bilateral test. P < 0.05 indicated statistical significance.

3. Results

3.1. Characterization of low-temperature 3D printing PLGA/MgO
scaffolds

a. Macro and microstructure evaluation of scaffolds

The actual appearance of the scaffolds was shown in Fig. 1A. SEM
images of scaffolds in the PLGA group and PLGA/MgO (10%) group
were shown in Fig. 1B. The scaffolds in both groups had uniform
material structure and smooth duct structure. The surface of PLGA
scaffolds was smooth, while the compactness of the surface of
PLGA/MgO (10%) scaffolds was increased. The line diameter of each
scaffold with different MgO ratios (5%, 10%, and 15%) was
600—650 um, and the pore size was 460 um. The porosity of scaf-
folds in each group calculated by the ethanol replacement method
was more than 80%, and there was no significant difference among
the groups (Table 1). The surface chemical functional groups of
scaffolds were analyzed by infrared spectroscopy (Fig. 1C). The
absorption bands of scaffolds in each group mainly appeared in
2990 cm~! and 2940 cm~! (-CH3), and 1753 cm™}, 1183 cm~! and
1083 cm™! (C=0). The EDS analysis results of scaffolds were shown
in Fig. 1D. Magnesium (Mg), carbon (C), and oxygen (O) were
detected from all the PLGA/MgO scaffolds and the PLGA/MgO/PDA
scaffolds. Nitrogen(N) was also detected from all the PLGA/MgO/
PDA scaffolds. The water contact angle test results elicited that with
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the increase of MgO content, the water contact angle of the scaffold
material was gradually decreased and the hydrophilicity of the
material was increased (Fig. 1E).

b. Evaluation of scaffold mechanical properties

The effects of MgO content on scaffold mechanical properties
were further studied. Compared with the PLGA group, the PLGA/
MgO (10%) scaffolds showed increased compressive strength and
elastic modulus, which were also higher than those of the scaffolds
with the MgO content of 5% or 15% (Fig. 2).

¢. Evaluation of scaffold degradation in vitro

To study the degradation rate and the magnesium ion release
rate of PLGA scaffolds with different MgO contents, the in vitro
scaffold degradation and magnesium ion were detected. The in vitro
degradation test results were shown in Fig. 3A. With the extension
of time, the scaffolds in each group were degraded. There were
significant differences among the 4 groups (all P < 0.05). The
degradation rate was accelerated with the increase of MgO content,
but there was no significant difference between the PLGA/MgO
(10%) group and the PLGA/MgO (15%) group. As shown in Fig. 3B,
the magnesium ion release of MgO-containing scaffolds tended to
be flat after 21 d. With the increase of MgO content, the magnesium
ion release concentration was increased (all P < 0.05). As shown in
Fig. 3C, the pH value of the PLGA scaffold extract was decreased
slowly, while the pH values of the 3 groups of MgO-containing
scaffold extracts were higher than that of the PLGA group on the
1st, 3rd and 7th d, indicating that the release of magnesium ions
could alleviate the decrease of pH value caused by PLGA degrada-
tion, with higher MgO content exerting the stronger effect (all
P < 0.05). After the 28th d, the pH value of the extract of PLGA/MgO
scaffolds in the 3 groups was higher than that of the PLGA scaffolds
(all P < 0.05).

3.2. Biocompatibility of low-temperature 3D printing PLGA/MgO
scaffolds

a. Cytotoxicity

The morphology of BMSC was observed under a phase-contrast
microscope. After 24 h of the passage, the cells adhered to the wall
completely. The cell morphology was uniform, typical spindled
shape, and the cell colonies were arranged in a vortex or radial
shape (Fig. 4A). The results of flow cytometry elicited that the
cultured BMSCs of the 3rd generation expressed CD29 and CD44,
and the positive rates were 97.652% and 98.917%, respectively,
while CD34 and CD45 were negative, and the positive rates were
0.013% and 0.108%, respectively (Fig. 4B). To investigate the toxicity
of scaffolds in each group to rat BMSCs, MTT assay showed that the
relative survival rates of cells in other groups were more than 75%
within 14 d except the PLGA/MgO (15%) group (Fig. 4C and D).
According to the regulations of ISO10993-5, the relative prolifera-
tion of cells >75% was in the qualified range, indicating that MgO
could inhibit the survival of cells when the proportion reached 15%.

b. Osteogenesis

To study the effect of scaffold materials on the osteogenic activity
of BMSCs, the ALP activity of BMISCs induced by osteogenesis after 1,
7,and 14 d of incubation with scaffold extract was detected. The ALP
activity of the 4 groups of cells was increased with the extension of
time, indicating that these 4 scaffolds could support the osteogenic
differentiation of BMSCs. After 7 and 14 d of culture, the ALP activity



L. Tan, Z. Ye, W. Zhuang et al. Regenerative Therapy 24 (2023) 617—629

PLGA

9
=
e}
[=)]
]
3
(U]
R
o
C D PLGA
PLGA PLGA/MgO(5%) :
Vri‘mﬁﬁ—\\ \Jivw\ /W“/\/ . Sasaies - A :‘: W Y\
: LW o
| ” i 1
PLGA/MgO(10%) PLGA/MgO(15%)
18 o b
w K [
i - ‘
: | é 1
E PLGA PLGAMgO(5%) . PLGA B PLGA/MgO(10%)
1 PLGA/MgO(5%) T PLGA/MgO(15%)
100
80—
=
> 907 *
PLGA/MgO(10%) PLGA/MgO(15%) g *,
8 40— *
g = ¥
5 4
O 20
0_

Fig. 1. Macro and microstructure evaluation of scaffolds. Low-temperature 3D printing PLGA scaffolds and PLGA/MgO scaffolds with different magnesium mass ratios were
compared. (A) Actual image of scaffolds; (B) SEM images of scaffolds; (C) Detection of chemical functional groups of scaffolds by infrared spectrometer; (D) XPS spectra of different
scaffold surfaces; (E) Hydrophilicity of scaffolds was detected by water contact angle meter. The 6 samples were detected for each kind of the scaffolds. The data in panel E were
expressed as mean =+ standard deviation. One-way analysis of variance (ANOVA) was employed for comparisons among groups, followed by Tukey's multiple comparisons test. *
Compared with the PLGA group, P < 0.05, # compared with the PLGA/MgO (5%) group, P < 0.05, @ compared with the PLGA/MgO (10%) group, P < 0.05.

Table 1 o staining were consistent with the above results (Fig. 5B). Western
Structural characteristics of PLGA/MgO scaffolds. blot demonstrated that the expressions of collagen I, Osteocalcin,
Scaffolds category Line diameter (um) Aperture (um) Porosity (%) and Osteopontin proteins in the PLGA/MgO (10%) group were higher
PLGA 6021 = 32.3 4523 + 415 832417 than those in other groups (Fig. 5C, all P < 0.05). The above resqlts
PLGA/MgO (5%) 617.6 + 35.8 4613 + 39.0 83.8 + 2.1 suggested that PLGA/MgO (10%) scaffolds were the most conducive
PLGA/MgO (10%) 647.0 + 37.6 4614 + 44.9 83.6+3.6 to the osteogenic differentiation of BMSCs.
PLGA/MgO (15%) 626.8 + 37.4 465.7 + 43.0 81.8 + 3.9
P value 0211 0.974 0.779

3.3. Characterization of low-temperature 3D printing PLGA/MgO/
PDA scaffolds

Note: One-way ANOVA was employed to analyze the differences of line diameter,
aperture and porosity among multiple groups.

a. Macro and microstructure evaluation of scaffolds
of the PLGA/MgO (10%) group was higher than that of the other 3
groups (Fig. 5A, all P < 0.05), indicating that it could more effectively According to the previous results, compared with PLGA/MgO
promote the osteogenic differentiation of BMSCs. The results of ALP (5%) and PLGA/MgO (15%) scaffolds, PLGA/MgO (10%) scaffolds had
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Fig. 2. Comparison of mechanical properties of scaffolds with different magnesium contents. The compressive strength and elastic modulus of PLGA scaffolds and PLGA/MgO
scaffolds were measured using a universal mechanical tester. The 6 samples were detected for each kind of the scaffolds. The data were expressed as mean + standard deviation.
One-way ANOVA was employed for comparisons among groups, followed by Tukey's multiple comparisons test. * Compared with the PLGA group, P < 0.05, # compared with the

PLGA/MgO (5%) group, P < 0.05, @ compared with the PLGA/MgO (10%) group, P < 0.05.
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Fig. 3. Degradation properties of PLGA/MgO scaffolds. The scaffold materials were placed in PBS to determine the degradation properties in vitro. (A) The change curve of
degradation rate; (B) The change curve of magnesium ion release in vitro; (C) pH change curve of scaffolds in vitro. The 4 samples were detected for each kind of the scaffolds. The
data were expressed as mean =+ standard deviation. One-way ANOVA was employed for comparisons among groups, followed by Tukey's multiple comparisons test. * Compared

with the PLGA/MgO (10%) group, P < 0.05, # compared with the PLGA group, P < 0.05.

better mechanical properties and osteogenic ability, and less
cytotoxicity. Therefore, PLGA/MgO (10%) scaffolds were selected for
PDA coating treatment to obtain PLGA/MgO (10%)/PDA scaffolds,
and their properties were compared with the PLGA/MgO (10%)
scaffolds.

The actual image and SEM image of 2 two scaffolds (Fig. 6A and
B) showed that the duct structures of the 2 scaffolds were through,
and evenly distributed MgO particles could be seen in the 2 groups
of scaffolds. Compared with PLGA/MgO (10%) scaffolds, the surface
of PLGA/MgO (10%)/PDA scaffolds formed a thin film coating, and
the micro surface was uneven. The line diameter of each group of
scaffolds was about 620—640 pm and the aperture approx was
460—480 pm. The porosity calculated by the ethanol replacement
method was more than 80% (Table 2). New bands were observed in
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the infrared spectra of PLGA/MgO (10%)/PDA scaffolds at 1632 cm™!
and 3000—3600 cm~! (Fig. 6C), indicating that PDA was success-
fully coated on both scaffolds. As shown in Fig. 6D, the nitrogen
signal of the PLGA/MgO (10%)/PDA scaffold was significantly
enhanced. The results of the water contact angle experiment eli-
cited that the hydrophilicity of the PLGA/MgO (10%)/PDA scaffold
was better than that of PLGA/MgO (10%) (Fig. 6E, P < 0.05).

b. Evaluation of scaffold properties and biocompatibility

The mechanical properties of the 2 scaffolds were compared.
There were no significant differences in compressive strength and
elastic modulus between PDA-coated scaffolds and PLGA/MgO
(10%) scaffolds (Fig. 7A and B). PDA is helpful to reduce the
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Fig. 4. Cytotoxicity of PLGA/MgO scaffold on rat BMSCs. The scaffold extract was prepared from each group of scaffolds and co-incubated with BMSCs. (A) The morphological
characteristics of BMSCs were observed under a phase-contrast microscope; (B) The expression of surface markers of BMSCs was detected by flow cytometry. IgG was used as the
homotypic negative control, with a negative rate of 100% (red curve); (C) The OD value of BMSCs in each group after MTT staining; (D) The relative survival rate of cells in each group
was determined by MTT assay. The cell experiment was repeated 3 times independently. The data were expressed as mean + standard deviation. One-way ANOVA was employed for
comparisons among groups, followed by Tukey's multiple comparisons test. * Compared with the control group, P < 0.05, # compared with the PLGA group, P < 0.05, @ compared
with the PLGA/MgO (5%) group, P < 0.05, & compared with the PLGA/MgO (10%) group, P < 0.05.

corrosion rate of magnesium alloys and regulate the release of
magnesium ions. The in vitro degradation properties of PLGA/MgO
(10%)/PDA scaffolds were analyzed. The degradation rate of PLGA/
MgO (10%)/PDA scaffolds was lower than that of the PLGA/MgO
(10%) scaffolds (Fig. 7C, all P < 0.05), the release concentration of
magnesium ions was lower (Fig. 7D, all P < 0.05), the pH value was
decreased more slowly and was higher than that of the PLGA/MgO
(10%) scaffolds on the 3rd, 14th and 21st d (Fig. 7E, all P < 0.05). It
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suggested that PDA coating could delay scaffold degradation and
magnesium ion release. To evaluate the cytotoxicity of PLGA/MgO
(10%)/PDA scaffolds, MTT assay was conducted. The results
demonstrated that the relative survival rate of cells in this group
was increased (Fig. 7F and G), suggesting that PLGA/MgO (10%)/PDA
scaffolds had better biosafety. In addition, the effects of scaffolds
coated with PDA on the osteogenic activity of BMSCs were
compared. The results showed that the ALP activity in the PLGA/
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Fig. 5. Effects of PLGA/MgO scaffolds on osteogenic differentiation of rat BMSCs. BMSCs were incubated with scaffold extract for 1, 7, and 14 d, and then induced by osteogenic
differentiation. (A) ALP activity was measured by colorimetry; (B) ALP staining and quantitative analysis of cells in each group (the left graph panel showed representative images of
ALP staining of BMSCs incubated with each group of scaffold extracts for 1, 7, and 14 days, and the right graph showed the results of the ALP quantitative analysis); (C) The ex-
pressions of OPN, OCN, and Collagen I after 14 d of incubation with scaffold extract were detected by Western blot. The experiment was repeated 3 times independently. The data
were expressed as mean + standard deviation. One-way ANOVA was employed for comparisons among groups, followed by Tukey's multiple comparisons test. * Compared with the
PLGA group, P < 0.05, # compared with the PLGA/MgO (5%) group, P < 0.05, @ compared with the PLGA/MgO (10%) group, P < 0.05.

MgO (10%)/PDA group was higher than that of the PLGA/MgO (10%)
group (Fig. 7H, all P < 0.05), and it was consistent with the ALP
staining results (Fig. 71). Western blot elicited that the expressions
of Osteocalcin, Osteopontin, and Collagen I proteins in the PLGA/
MgO (10%)/PDA group were higher than those in the PLGA/MgO
(10%) group (Fig. 7], all P < 0.05). The above results suggested that
the addition of PDA coating in PLGA/MgO (10%) was beneficial to
reducing the cytotoxicity of scaffolds and inducing osteogenic dif-
ferentiation of BMSCs.

4. Discussion

Bone tissues have multiple effects on day-to-day functionality
and the frequency of accidental bone disorder and damage is
increasing all over the world [29]. Evidence has shown that 3D
printing can produce efficient scaffolds, which are highly desirable
for bone tissue engineering [6]. This study found that low-
temperature 3D printing PLGA/MgO (10%)/PDA scaffolds had good
hydrophilicity and biocompatibility and were conducive to BMSC
osteogenic differentiation.
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3D printing of bone scaffolds is a promising method as it com-
bines the accuracy of 3D printing technology and tissue engineer-
ing to manufacturing bionic bone implants with an ideal shape and
internal structure [30]. In this study, a low-temperature 3D printing
technology was used, which was carried out at a low temperature
and had little impact on the bioactivity of the factors contained in
the scaffold. In contrast with the printed scaffolds incubated in a
muffle furnace at 150 °C to promote cross-linking, which will
destroy incorporated growth factor biological activity, the printed
scaffolds fabricated at a low temperature show minimally affected
biological activity [31].

PLGA is a synthetic lipophilic polymer material, which is widely
used in the research of tissue engineering bone repair materials,
but the mechanical properties are poor [13]. The mechanical
properties of an ideal bone scaffold should match the properties of
autologous bone [32]. Magnesium and its alloys are considered a
promising biomaterial for bone regeneration due to their
inherent biocompatibility, biodegradability, and the appropriate
elastic modulus close to that of bone (bone:3—20 GPa,
magnesium:41—45 GPa) [33]. It is reported that the strength of Mg
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Fig. 6. Macro and microstructure evaluation of PLGA/MgO/PDA scaffolds. PLGA/MgO (10%)/PDA scaffolds were prepared and characterized. (A) Physical image and (B) SEM image of
PLGA/MgO (10%)/PDA scaffolds. The arrow indicated that PDA formed a thin film coating on the surface of the scaffolds; (C) The chemical functional groups of the scaffolds were
detected by infrared spectrometer; (D) X-ray photoelectron spectroscopy analysis of scaffolds; (E) The hydrophilicity of the scaffold was detected by water contact angle meter. The
6 samples were detected for each kind of the scaffolds. The data in panel E were expressed as mean + standard deviation. Independent t-test was employed for comparisons among

groups. *P < 0.05.

Table 2
Structural characteristics of PLGA/MgO/PDA scaffolds.

Scaffolds category Line diameter (um)  Aperture (um)  Porosity (%)

PLGA/MgO (10%) 647.0 + 37.6 4614 + 449 83.6+3.6
PLGA/MgO (10%)/PDA  624.8 + 39.2 4884 + 43.9 84.0 + 4.6
P value 0.34 0.423 0.908

Note: Independent t-test was employed to analyze the differences of line diameter,
aperture and porosity among multiple groups.

is 16 times that of polymer, and they are more ductile than ce-
ramics [34]. Therefore, adding magnesium powder can improve
the mechanical properties of polymers and neutralize the rigidity
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of ceramics. We fabricated 3 kinds of scaffolds with different
proportions of MgO (5%, 10%, 15%). Mechanical properties
including contact angle, tensile strength, compressive strength,
and elastic modulus are used to determine the mechanical and
physical properties of the scaffold [35]. Our results elicited that
when the MgO ratio reached 10%, the compactness of the material
surface had a higher density, the scaffold material had a smaller
water contact angle, and the material had a higher hydrophilicity,
compressive strength, and elastic modulus; It is consistent with
that coaxial-MgO with the core-shell fiber structure has a better
property of hydrophilicity [36]. Consistently, MgO with good
bioactivity is beneficial to improving polylactide (PLA) biocom-
patibility and mechanical properties during the bone repair
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Fig. 7. Properties and biocompatibility evaluation of PLGA/MgO (10%)/PDA scaffolds. The compressive strength (A) and elastic modulus (B) of PLGA/MgO (10%) scaffolds and PLGA/
MgO (10%)/PDA scaffolds was measured by universal mechanical testing machine. The 6 samples of each kind of scaffolds were selected for measurement. PLGA/MgO (10%)/PDA
scaffolds were placed in PBS to determine the change curve of mass loss percentage during scaffold degradation (C), the change curve of magnesium ion release in vitro (D) and the
change curve of pH value in vitro (E); The scaffold extract was prepared and co-incubated with BMSCs. The OD values (F) and relative survival rates (G) of BMSCs after MTT staining
were measured. The ALP activity (H) and ALP staining quantitative analysis (the left graph panel showed representative images of ALP staining of BMSCs incubated with each group
of scaffold extracts for 1, 7, and 14 days, and the right graph showed the results of the ALP quantitative analysis) (I) were measured by colorimetry. The expressions of OPN, OCN and
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process [37]. The implanted scaffolds will degrade gradually along
with tissue regeneration [38]. To maintain functionality, the
implant degradation rate should be closely balanced by neo-tissue
formation [39]. Our results revealed that the degradation rate was
accelerated with the increase of MgO content, but there was no
significant difference between scaffolds with 10% and 15% MgO
contents. It has been reported that compared to the PLGA/trical-
cium phosphate (TCP) scaffolds, PLGA/TCP/Mg scaffolds degrade
faster due to magnesium corrosion [40]. Our results were consis-
tent with this, and the increase in degradation rate caused by the
addition of MgO might also be due to magnesium corrosion. After
transplantation, the magnesium ions released by the PLGA/MgO
scaffolds might mediate the differentiation of BMSCs into osteo-
blasts by regulating BMP2 levels, thereby increasing their impact
on bone defect repair. With the increase of MgO content, the
magnesium ion release concentration was increased and the pH
values of the MgO-containing scaffold extracts were higher than
those of the PLGA scaffold extract, which suggested that magne-
sium ion release alleviated the decrease of pH value caused by
PLGA degradation, with higher MgO content exerting the stronger
effect. Magnesium ions are bioactive and can promote the regen-
eration of bone tissues, in which the enhancing efficiency is closely
associated with magnesium ion concentration [21]. With the
addition of MgO, the pH values of the degrading solution were
higher through the neutralization of the acidic product of the PLA
degradation [41]. Specifically, in our results, there were three
groups of magnesium containing scaffold extracts with pH values
equal to or even lower than those of the PLGA control sample
added on the 21st day. A reasonable explanation might be as
below: the acidic degradation of PLGA and the self-accelerating
effect during the degradation process gradually increased from
day 14—21, and reached its maximum on day 21. However, the
release of magnesium ions was in a rapidly decreasing state on day
14—21. On day 21, the accumulated release of magnesium ions
might not be sufficient to compensate for the pH decrease caused
by acidic degradation. After 21 days, the acidic degradation of PLGA
and the self-accelerating effect during the degradation process
slowed down, and the release of accumulated magnesium ions
showed a alleviating effect on the decrease caused by PLGA
degradation. In addition, research has reported that continuous
local hyperacidity conditions can affect osteoblast activity and
inhibit osteoblast proliferation [42], while the establishment of a
weakly alkaline environment is conducive to osteoblast growth
[43]. In our results, although the pH value of the PLGA/MgO (15%)
scaffold extract with high magnesium content might shift towards
alkaline direction (pH > 8.0 on days 1 and 3), it tended to reach a
level of 7.5 in the long run. Therefore, we believe that this should
be beneficial for the growth of osteoblasts. Collectively, PLGA/MgO
(10%) scaffolds had strong mechanical properties and high degra-
dation rates.

The primary goal of developing bone repair materials is to repair
defective bone tissues, and the performance of the scaffold relys on
its osteogenic ability [40,44—46]. ALP is used to characterize oste-
ogenic differentiation [47]. Our results demonstrated that the ALP
activity in BMSCs cultured with PLGA/MgO (10%) scaffold extract
was the highest, which suggested that it could more effectively
promote BMSC osteogenic differentiation. Collagen I, Osteocalcin,
and Osteopontin are the osteogenic genes [48]. Collagen can be
crosslinked with chemicals and provides great tensile strength in
tissues and as a scaffold, collagen allows for easy placement of stem
cells and allows for replacement with natural tissues after under-
going degradation [4]. The expressions of collagen I, Osteocalcin,
and Osteopontin protein in the BMSCs cultured with PLGA/MgO
(10%) scaffold extract were the highest. Accumulating evidence has
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repeatedly shown the bioregulatory importance of Mg ions in ALP
activity and MSC growth and osteogenic differentiation [49]. In
conclusion, PLGA/MgO (10%) scaffolds had better hydrophilicity,
mechanical properties, osteogenic ability, and less cytotoxicity.
Therefore, PLGA/MgO (10%) scaffolds were selected for PDA coating
treatment.

PDA is used to modify the surface of the scaffolds, which can
regulate the release of magnesium ions [50]. We coated PLGA/
MgO(10%) scaffolds with PDA and found that the nitrogen signal
of PLGA/MgO(10%)/PDA was enhanced, the hydrophilicity of
PLGA/MgO (10%)/PDA scaffolds was better than that of the PLGA/
MgO (10%) scaffolds. Consistently, PDA coating improves hydro-
philicity and causes an increase in metabolic activity and
attachment of in vitro mammalian cells [51]. We then compared
the mechanical property of the 2 kinds of scaffolds and found
that there were no differences in compressive strength and
elastic modulus between PDA-coated scaffolds and PLGA/MgO
(10%) scaffolds. Besides, our results revealed that the degradation
rate of PLGA/MgO (10%)/PDA scaffold was decreased, magnesium
ion release concentration was diminished, and the reduction in
pH value was delayed, indicating that PDA coating delayed
magnesium ion release and scaffold degradation; the relative
survival rate of cells was increased, indicating better biosafety.
Furthermore, the ALP activity in BMSCs cultured with PLGA/MgO
(10%)/PDA extract was increased; the expression levels of
Osteocalcin, Osteopontin, and Collagen I were enhanced. In a
similar light, PDA-BCP scaffold facilitates the viability, adhesive
and proliferative properties and new bone formation of BMSCs
which is associated with the nanostructure, superhydrophilicity
and other properties of PDA [26]. Moreover, PDA coating further
promotes cell adhesion due to enhanced adsorption of serum
proteins [52]. Polycaprolactone scaffold coated with PDA makes a
difference in cell proliferation and osteoconductivity [53]. The
calcium phosphate/PDA coating has a nano-scale porous topog-
raphy, which is good for BMSCs behavior and osteogenesis in vivo
[54]. PDA/graphene oxide composite stimulates ALP activity and
osteogenic differentiation of pluripotent embryonic stem cells
[55]. Tantalum-PDA-Mg2 shows the highest ion release and
excellent biocompatibility, adhesion, angiogenesis, and osteo-
genesis [56]. Although magnesium alloys are applied as biode-
gradable biomaterials for medical device production, their use is
restricted because of the high degradation rate, and a PDA layer
can increase the adhesion between the external organic coating
and metallic substrate and decrease the substrate degradation
rate [57]. Our findings also manifested that PDA coating in PLGA/
MgO (10%) scaffolds reduced the cytotoxicity of scaffolds and
promoted osteogenic differentiation of BMSCs.

In summary, this study supported that low-temperature 3D
printing PLGA/MgO (10%)/PDA scaffolds had good hydrophilicity
and biocompatibility, and were conducive to BMSC osteogenic
differentiation. The compressive strength of PLGA/MgO scaffolds
was 1.92 MPa and the elastic modulus was 20.20 Mpa, which was
expected to be used in the field of load-bearing bone defect
repair. The degradation rate and cytotoxicity of the scaffolds
were controlled by adjusting the content of MgO to obtain better
biocompatibility. The scaffolds coated with PDA had improved
bioactivity and reduced cytotoxicity and facilitated the osteo-
genic differentiation of BMSCs. However, the composite scaffolds
were not verified in vivo and in clinical experiments. Further
work is needed to improve the preparation method of PDA/MgO
printing ink to improve the fluidity and uniformity, and the
scale needs to be expanded. Further study of mechanical decay
and osteogenic activity of PDA/MgO/PDA scaffolds in vivo is
needed.
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